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A B S T R A C T
A  th e o re t ica l  and la b o r a to r y  invest iga tion  w as m ade of antidunes 
and a s s o c ia te d  s ta tion ary  w a v e s .  The o b je c t iv e s  w e re  to d e term in e  the 
fa c t o r s  in v o lved  in the fo rm a t io n  of antidunes, the c h a r a c t e r i s t i c s  o f  the 
s ta tion ary  w a v e s ,  and the e f fe c ts  of antidunes and w aves  on the f r i c t io n  
fa c to r  and sed im en t  tra n sp o r t  ca p a c ity  o f  s t r e a m s .
In the potentia l f lo w  solution  f o r  f lo w  o v e r  a w avy bed  it was 
h yp oth es ized  that the f lo w  shapes the e r o d ib le  sand bed by s co u r  and 
d e p o s it io n  to c o n fo rm  to a s trea m lin e  o f  the f lo w  con fig u ra t ion  fo r  w hich  
the e n e rg y  is  a m in im u m . Under this h yp oth es is ,  f lo w  o v e r  antidunes 
is  the sam e as the segm en t of f lo w  above  an in term ed ia te  s tre a m lin e  of 
the flu id  m otion  a s s o c ia te d  with sta tion ary  g rav ity  w aves  (w aves  with 
c e le r i t y  equal and op p os ite  to the f lo w  v e lo c ity )  in a f lu id  o f  infinite depth. 
F o r  a v e lo c i t y  V the w ave length, L, is  g iven  by
and w aves  b rea k  when the ir  height r e a c h e s  0. 142 L. L a b o r a to ry  and 
f ie ld  data fo r  tw o -d im e n s io n a l  s ta tion ary  w aves  and antidunes c o n f irm e d  
these r e la t io n s .  F o r  the sam e v e lo c i ty ,  s h o r t - c r e s t e d ,  th r e e -d im e n s io n a l  
w aves  ( r o o s t e r  ta ils )  have s h o r te r  w ave lengths than tw o -d im e n s io n a l  
w a v e s .
F o r t y - t h r e e  ex p er im en ta l  runs in la b o r a to r y  f lu m e s  w e re  m ade 
f o r  d if fe ren t  depths and v e lo c i t ie s  and bed  sands o f  two d if fe re n t  s iz e s  
(0. 549 m m  and 0. 233 m m ).  No g e n e ra l  c r i t e r i o n  fo r  the fo rm a t io n  of 
antidunes or  the o c c u r r e n c e  o f  b reak ing  w aves  cou ld  be fo rm u la te d  
b e ca u se  of inadequate know ledge  of the c o m p le x  sed im en t  tra n sp ort  
phenom enon . Q ualita tive ly , it w as found that fo r  a g iven  sand, the c r i t i c a l  
F rou d e  num ber f o r  the o c c u r r e n c e  of b reak ing  w aves  d e c r e a s e d  as the 
depth was in c r e a s e d .  O ver  a ce r ta in  range of depth and v e lo c i ty  it was 
found that the f low  fo r m e d  w aves  and antidunes or  w as u n iform  depending 
on w hether o r  not the f low  w as d is tu rb ed  to fo rm  an in itia l w ave. W aves  
that did not b rea k  had no m e a s u r a b le  e f fe c t  on the tra n s p o r t  ca p a c ity  or 
f r i c t io n  fa c to r ,  but break in g  w aves  in c r e a s e d  both of these quantities.
L = 2πV2/g 
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C H A P T E R  1
INTRO DU CTION
1 -1 . Stationary W aves  and Antidunes in A llu v ia l Channels
W ater  f low in g  o v e r  a sand bed  in te ra c ts  with the bed in variou s  
w ays with the re su lt  that s e v e r a l  d i f fe re n t  types of bed con figu ra t ion s  are  
o b s e r v e d  in a lluvia l channels .  The nature o f  the in te ra c t io n  and the 
resu ltin g  bed con fig u ra t ion  depend on the depth and v e lo c ity  of f low , the 
c h a r a c t e r is t i c s  of the sand, and, in som e  c a s e s ,  the tem p era tu re  o f  the 
w ater .  When the f low  v e lo c i t y  is  g rea t  enough to m o v e  the individual 
sand gra in s ,  but s m a l le r  than another l im it in g  value w hich  w il l  be 
d is c u s s e d  p re se n t ly ,  the bed is  d e fo r m e d  into i r r e g u la r  fe a tu re s  ca l led  
dunes or  r ip p le s  w h ich  are  fa m il ia r  to e v e ry o n e  who has e v e r  look ed  
c l o s e ly  at a bed o f  an alluvial s trea m , or  w in d -b low n  sand o r  snow. The 
sa lient fea tu res  o f  dunes are  their  arran gem en t,  s iz e ,  and shape w hich  
m ay  be quite i r r e g u la r  fo r  the individual dunes but re g u la r  in the 
s ta tis t ica l  sen se ;  their  m ov e m e n t ,  w h ich  is a lm o s t  always in the d ire c t io n  
of f low ; and the f low  sep a ra tion  w h ich  freq u en tly  o c c u r s  at the dow nstream  
edge o f  each  dune.
When the v e lo c i ty  is  in c r e a s e d  until the F ro u d e  num ber (based  on 
the m ean  depth o f  flow ) a p p ro a ch e s  unity, the w ater  s u r fa ce  b e c o m e s  
som ew hat unstable, and even  v e r y  sm a ll  d is tu rb a n ces  g ive r i s e  to 
s ta tion ary  su r fa ce  w a v e s .  If dunes are  s til l  p re se n t ,  the dunes in tera ct  
with the w ater  su r fa ce  and a s ta tion ary  su r fa ce  w ave is  f o r m e d  above 
each  dune, as shown in f ig u re  1 -1 .
F o r  m o st  sand s iz e s  there  e x is ts  a l im it in g  value of v e lo c ity  
above w hich  the dunes d isa p p ea r  and the bed  b e c o m e s  f la t .  The v e lo c i ty  
at w h ich  this o c c u r s  depends on the depth of f lo w  and the c h a r a c t e r i s t i c s  
o f  the sand. If the c h a r a c te r  o f  the sand is  such  that the bed has 
a ch iev ed  the flat  con f ig u ra t io n  when su r fa ce  w aves  o c c u r ,  the pertu rbation  
v e lo c i t ie s  a s s o c ia te d  with the w aves  w ill  act  on the bed to f o r m  re g u la r ,  
tw o -d im e n s io n a l  w aves  of sand as shown in f ig u re  1 -2 .  S u c c e s s iv e  sand 
w aves  are  gen era ted  f r o m  a flat  bed and fo r m  tra ins  of three  or  m o r e  
w aves  w hich  g ro w  in am plitude and often  b e c o m e  so high that the su r fa ce
I
Fig .  1 -1 .  Side v iew of f low  o ver  dunes which  
interact  with the f r e e  s u r fa c e .  Run 5 -3 ,  f low  
depth = 0 .2 4 5  ft, m ean  v e lo c i t y  = 2. 18 f t / s e c ,  
F roude num ber  = 0 .7 7 ,  wave length = 1.0 0  ft, 
m ean  sand s ize  = 0 .549  m m .  F lo w  f r o m  left 
to right.
Fig .  1 -2 .  Side v iew  of  f low  o ver  a wavy sand 
bed. Note break ing  wave at right. Run 5 -14 ,  
f l ow  depth = 0 .123  ft, m ean  v e lo c i t y  = 4. 65 
f t / s e c ,  F rou d e  number  = 2 .3 4 ,  wave length 
= 2. 65 ft, m e an  sand s ize  = 0.549 m m .  F lo w  
f r o m  left to right.
2
3waves  b reak ,  as i l lustra ted  by the wave at the r ight  in f ig u r e  1 -2 .  The 
agitation a c co m p a n y in g  the wave breaking  usually ob l i t e ra te s  the sand 
waves  and the bed again b e c o m e s  flat.  The c y c l e  of  wave initiation, 
growth,  and break ing  is then repeated ,  each  c y c l e  taking about one to 
three  minutes  in the la b o r a t o r y  f lume depending on the c h a r a c t e r  of  
the sand and the f low  p a r a m e t e r s .  The sand w aves  w i l l  often 
spontaneous ly  d im in ish  in amplitude and the bed  and w ater  su r fa ce  wil l  
again b e c o m e  flat without the s u r fa c e  w aves  having broken.
The two types  of  bed f e a tu re s  just  d e s c r i b e d  w hich  s trong ly  i n t e r ­
act  with the f r e e  s u r fa c e  are  c a l l e d  antidunes.  Antidunes are  here  d e ­
f ined  as any d is tu rba n ces  on the bed  of an al luvial channel  w hich  are 
p e r i o d i c  or  n ear ly  so ,  and which  are  s trong ly  coup led  with stationary 
f r e e - s u r f a c e  w a ve s .  Under this definit ion, dunes are  a type o f  antidune 
when they in terac t  with the f r e e  s u r fa ce ,  as in f igure  1 -1 .  The s u r fa ce  
water  w aves  which  f o r m  above antidunes are  ca l l e d  stationary w a v e s *  
b e cau se  they m o v e  v e r y  s low ly  if  at all.
Antidunes and s ta t ionary  waves  are  f requent ly  o b s e r v e d  in natural 
alluvial r i v e r s  and s t r e a m s .  They  are  m o s t  c o m m o n  in steep s tre a m s  
which c a r r y  large  loads  of  sed im ent .  In the last  60 y e a r s ,  num erous  
f ie ld ,  l a b o r a t o r y ,  and th e o r e t i ca l  studies  have been  m ade  of  the 
m e c h a n i c s  of  a l luvial s t r e a m s  with dunes and f lat  beds  and the und ers ta nd ­
ing of  their  behav ior  has s teadi ly  im p ro v e d .  H ow ev er ,  no c o m p r e h e n s iv e  
study has been  made of antidunes and their  e f fe c ts  on channel  roughness  
and the sed im ent  t ra n s p o r t  cap ac i ty  of  s t r e a m s .
Antidunes and s ta t ionary  w aves  in al luvial  channels  and their 
o c c u r r e n c e ,  beh a v ior ,  and e f fe c t s  constitute  the sub ject  of  this i n v e s t i ­
gation. They w il l  be m o r e  ful ly  d e s c r i b e d  in the next s e c t io n  which
* The s u r fa c e  w aves  a ccom pany ing  antidunes ,have been  c a l l e d  standing 
waves  by other authors ( 1 , 2 , 3 ) .  H o w e v e r ,  by usage,  the t e r m  standing 
wave has c o m e  to be a s s o c ia t e d  with s u r fa ce  w aves  which  are  not p r o p a ­
gated and whose  s u r fa ce  e leva t ion  is  h a r m o n ic  in t im e at a f ixed  lo ca t ion  
(4), although M i l n e - T h o m s o n  (5) uses  both t e r m s  in c o n n e c t io n  with this 
phenom enon.  S u c h w a v e s  a c c o m p a n y  s u r fa ce  d is tu rba n ce s  in c l o s e d  
bas ins .  The s u r fa c e  w aves  a c co m p a n y in g  antidunes w i l l  be ca l led  s ta t ion ­
a r y  waves  by this w r i t e r  s ince  this t e r m  d e s c r i b e s  them m o r e  p r e c i s e l y .
4quotes se v e ra l  h is to r ic a l  d e s c r ip t io n s  of the phenom enon.
1 -2 .  H is to r ic a l  B ackgroun d
A pparently  the f i r s t  d e s c r ip t io n  o f  antidunes published  in E n glish  
was p re se n te d  by C o rn is h  (6) in 1899· In a paper p re se n te d  b e fo re  the 
R oya l G e o g ra p h ica l  S o c ie ty ,  C o rn ish  p r o p o s e d  the name "k u m a ta logy "  
f o r  the study o f  w aves  and w ave - s tru e tu res o f  the a tm o sp h e re ,  h y d r o ­
sph ere ,  and l i th o sp h e re .  C o rn is h  fe lt  that it would be advantageous to 
group  all wave phenom ena togeth er  and treat them as a s ingle subject .
In d e s c r ib in g  the b eh a v ior  of s t r e a m s  "w h ich  plough their  way through 
sand b e a ch e s  to the s e a " ,  C o rn ish  o b s e r v e d  that such s tr e a m s  often had 
s u r fa ce  w a v e s .  He then went on to d e s c r ib e  the w aves  as fo l lo w s :
The w a te r -w a v e  w as r e a l ly  c o n t r o l le d  by a su b m e rg e d  sand- 
w ave , the u p -s t r e a m  flank o f  w h ich  was e x p o se d  to a heavy 
show er of sand f r o m  the turbid  w ater .  The s tream  being 
sha llow  and its  s u r fa c e  in w aves ,  the c r e s t  of the w a te r -  
w ave was pushed u p -s t r e a m  as the u p -s t r e a m  flank o f  the 
san d -w ave  r e c e iv e d  additions o f  m a te r ia l .  The s co u r  o f  
the w ater  w as th ereby  d e fle c ted ,  and the lee  s lope  o f  the 
sa n d -h il l  m o v e d  u p -s t r e a m ,  although e v e r y  p a r t ic le  o f  
sand and e v e r y  p a r t ic le  o f  w ater  t ra v e l le d  d o w n -s t r e a m .
(pp. 625-626)
C o rn ish  p re se n te d  a photograph  o f  s ta tion ary  w aves  in  a s tream  and a 
sketch  w h ich  i l lu s tra te d  his d e s c r ip t io n  o f  the m e ch a n ism  of u pstream  
m ovem en t.
In 1908 w hile d is c u s s in g  a paper p re se n te d  by Owens (7), a lso  
b e fo r e  the R oya l G e o g ra p h ica l  S oc ie ty ,  C o rn ish  p re se n te d  his o b s e r v a ­
tions "m ad e  in s tre a m s  in w h ich  the o rd in a ry  o r  b e s t -k n o w n  r ip p les  had 
been  r e p la c e d  by those w hich  m o v e  u p s tr e a m "(p .  421). In re p ly  to 
C orn ish , Owens stated that he too had o b s e r v e d  the sam e type of s tream  
beh a v ior  and gave a d eta iled  d e s c r ip t io n  o f  these  "p e c u l ia r  s a n d -w a v e s " .
The f i r s t  d e s c r ip t io n  of the antidune r e g im e  of f low  in the 
A m e r ic a n  l ite ra tu re  w as g iven  by M urphy (8) in 1910. M urphy w ork ed  
with G . K. G i lb e r t  during the c o u r s e  of the la b o r a to r y  in vestiga tion  
w hich  w as r e p o r te d  by  G i lb e r t  (9) in 1914. The p r o je c t  w as sp o n so re d  
by the U. S. G e o lo g ic a l  Survey  and c a r r i e d  out at the U n ivers ity  of 
C a li fo rn ia  at B e r k e le y  f r o m  1907 to 1909. W hile the in vest iga tion  was
5s t i l l  in p r o g r e s s ,  M urphy published  s e v e r a l  short  a r t ic le s  w hich  r e p o r te d  
som e  o f  the find ings o f  the B e rk e le y  in vest iga tion * .  He p resen ted  the 
fo l lo w in g  d e s c r ip t io n  o f  the d isa p p ea ra n ce  of dunes and the appearance  
and beh a v ior  o f  sand w aves :
The f o r m  of the dunes b e c a m e  le s s  d ist in ct  and at a little 
g re a te r  v e lo c i ty  they d isa p p ea red , leav ing  the sand su r fa ce  
even  and the w ater  su r fa ce  above it w a v e le s s .  Th is  c o n ­
d ition  o f  w a v e le s s  s u r fa ce  f lo w  continued w hile  the sand 
s lope  in c r e a s e d  f r o m  about 0. 9% to 1.6%  . . . . .  F o r  
h igher  s lo p e s  the sand s u r fa ce  f o r m e d  into w a v e s .  T hese  
w aves  w e re  f r o m  2 to 3 ft in length f r o m  c r e s t  to c r e s t ,  
extended  the width o f  the trough  and s o m e  w e re  . 05 ft in 
height f r o m  c r e s t  to trough  of w ave . . . . T h ese  sand 
w aves  t ra v e l  s low ly  u p strea m , the sand being s co u re d  
f r o m  the d o w n -s tre a m  fa c e .  . .a n d  d ep os ited  on the up ­
s tre a m  fa c e  (o f  the next wave) . . .  . Som e of these w aves 
re m a in  fo r  two m inutes but g e n e ra l ly  not lo n g e r  than one 
m inute. The v e lo c i t y  is  g r e a te r  in the wave trough  than in 
the v ic in ity  o f  the c r e s t  and the m o t io n  o f  the gra in s  at the 
c r e s t  is  v e r y  c o m p le x ,  so m e  of them jum ping  a lm o s t  to the 
su r fa c e ,  (p. 580)
It r e m a in e d  f o r  G ilb e r t  (9) to c a l l  the sand w aves  w hich  m ove  u p ­
s tream  antidunes "b e c a u s e  they are  co n tra s te d  with dunes in their  
d ir e c t io n  of m ovem en t :  they t ra v e l  against the c u r re n t  instead  of with 
it "  (p. 31). G ilb e r t  p re se n te d  a d e s c r ip t io n  o f  antidunes and sta tionary  
w aves  w hich  con ta ined  the esse n t ia l  e lem en ts  o f  the a ccou n ts  p resen ted  
by C orn ish , Owens, and M urphy. He then went fu rth er  and d e s c r ib e d  
som e deta ils  w hich  had not been  p r e v io u s ly  re p o r te d :
Not only is  a row  of antidunes a rhythm  in itse l f ,  but it 
goes through a rhythm ic  f luctuation  in a ct iv ity , e ither  
o s c i l la t in g  about a m ean  con d it ion  or  e ls e  d eve lop ing  
p a r o x y s m a l ly  on a plane s tream  bed  and then s lo w ly  d e ­
c lin in g . P a r o x y s m a l  in c r e a s e  starts  at the d ow n stream  
end o f  a row  and t r a v e ls  u p strea m , gaining in f o r c e  fo r  a 
t im e , and the c l im a x  is  a c co m p a n ie d  by a co m b in g  o f  wave 
c r e s t s ,  (p. 32)
*A ctua lly ,  a la rg e  part  o f  the la b o r a to r y  invest iga tion  was c a r r ie d  out 
by M urphy. G ilb e r t  b e c a m e  il l  w hile  the in vest iga tion  w as in p r o g r e s s  
and w as f o r c e d  to w ithdraw  f r o m  it. M urphy p re p a re d  a p re l im in a r y  
r e p o r t  on the invest iga tion  and is  c r e d ite d  with m any o f  the co n c lu s io n s .  
H ow ev er ,  G ilb e r t  published  the final r e p o r t .
6F u rth er  on, quoting M urphy d ir e c t ly * ,  G ilb e r t  gave the f i r s t  co m p le te  
d e s c r ip t io n  o f  the break ing  of the s ta tion ary  w aves :
A  white cap  f o r m s  on the su r fa ce  o f  the w ater  when the 
la r g e r  w aves  d isa p p e a r .  S o m e t im e s ,  two or  m o r e  w ill  
d isa p p ea r  at once  and leave  the su r fa ce  without w aves  fo r  
a d istan ce  o f  10 fe e t  o r  m o r e .  (p. 32)
In d e s c r ib in g  the "rhythm  in the f low  o f  w a te r " ,  G i lb e r t  again spoke of 
•the w ave b reak in gs  as o c c u r r in g  when "a  m a s te r  w ave, with cu r lin g  
c r e s t ,  ru sh es  through  the trough  f r o m  end to end" (p. 243).
G ilb e r t  went on to exp la in  the fo rm a t io n  of antidunes as o c c u r r in g
when
the re s tra in t  (due to the bed  and w ater  s u r fa ce )  is  o v e r ­
p o w e re d ,  and a d iv e r s i f ie d  but sy s te m a t ic  a rra n g e m e n t  of 
f lo w  lines  d e v e lo p s  , w h ich  c a r r i e s  with it s y s te m a t ic  
d iv e r s i ty  of both w ater  su r fa ce  and channel bed  and g iv es  
the antidune phase (p. 34).
The argu m en t is  not at all c l e a r .  F u rth e r  on  (p . 243) he e la b ora ted  on 
the m e ch a n ism  in v o lved  in the fo rm a t io n  and grow th  of the antidunes and 
the break ing  of the s ta tion ary  w a v e s ,  but did not c la r i fy  his argum ent 
a p p re c ia b ly .  G ilb e r t  w as quite in tr igued  with the "rhythm  in the f low  
o f  w a te r "  and b e l ie v e d  that antidunes w e re  su b ject  to ana lytica l treatment, 
but did not pursue such  a treatm en t b e ca u se  it was not w ithin the s co p e  of 
his in vestiga tion .
With the publish ing o f  G i lb e r t 's  w o rk ,  w o r k e r s  in the f ie ld  of 
r iv e r  h y d ra u lics  b e c a m e  m o r e  c o n s c io u s  o f  the d i f fe re n t  r e g im e s  of 
r iv e r  f lo w  and d e s c r ip t io n s  o f  the b eh a v ior  o f  natural s tr e a m s  s tarted  
ap p ear in g  m o r e  freq u en tly .  An exam p le  of such  a d escr ip t io re  o f  the 
antidune r e g im e  of f lo w  is  found in a p ap er  p re se n te d  by P ie r c e  (10) in 
1916 in w hich  he r e p o r te d  on the b eh a v ior  of the San Juan R iv e r  near 
Bluff, Utah:
Only on h ea v ily  load ed  s ilt  s t r e a m s  is .  . . antidune m o v e ­
m ent seen  at its  b est .  The v is ib le  su r fa ce  e f fe c t  of this 
c o l l e c t iv e  m o v e m e n t  is  c o m m o n ly  known as the "sand
* G ilb e r t  did not c ite  the w o rk  of M urphy w h ich  he quoted. It was 
p ro b a b ly  the p r e l im in a r y  r e p o r t  w hich  M urphy p re p a re d .
7w a v e " . * In a p p earan ce  the sand w aves  m uch  r e s e m b le  the 
w aves  throw n up by a s te r n -w h e e l r iv e r  stea m b oa t. On 
the w id e , sh a llow  se ct io n s  o f  San Juan R iv e r  sand w aves  
m a y  u su a lly  be s e e n  be low  the r i f f le s  at m ed iu m  s ta g e s .
In the d e e p e r  se ct io n s  they ap p ear at th e ir  b e s t  d e v e lo p ­
m ent on ra p id ly  r is in g  sta ges  . . . .  The usual length  o f 
the sand w a v e s , c r e s t  to c r e s t ,  on the d e e p e r  se ct io n s  o f 
the r iv e r  is  I 5 to 20 fe e t , and the h eigh t, trou gh  to c r e s t ,  
is  about 3 fe e t . H o w e v e r , w a ves  o f a height o f  at le a s t  6 
fe e t  w e r e  o b s e r v e d . The sand w aves  a r e  not con tin u ou s , but 
fo llo w  a rh yth m ic m ovem en t. T h e ir  a p p ea ra n ce  as seen  on 
the lo w e r  San Juan is as fo llo w s : A t one m om en t the s tre a m  
is  running sm o o th ly  fo r  a d ista n ce  o f  perh ap s s e v e r a l  
hundred y a rd s . Then sudden ly  a num ber o f  w a v e s , u su a lly  
fr o m  6 to 10, a p p ea r . T h ey re a ch  th e ir  fu ll s iz e  in  a few  
s e co n d s , flow  fo r  perh ap s two o r  th ree  m in u tes , then 
sudden ly  d isa p p e a r . O ften , fo r  perh aps a m inute b e fo r e  
d isa p p e a rin g , the c r e s t s  o f  the w aves  g o  through  a com b in g  
m o v em en t, a cco m p a n ie d  by  a ro a r in g  sound. On f i r s t  
a p p e a ra n ce , it s e e m s  that the w a ve  fo rm s  o ccu p y  fixed  
p o s it io n , but by w atch ing them  c lo s e ly ,  it is  s e e n  that they 
m ov e  s lo w ly  u p s tre a m . In the n a rrow  p arts  o f  the s tre a m  
the w a v es  m ay  r e a ch  n e a r ly  the w idth o f the r iv e r ,  but in  
the w id e r  p a r ts , they o ccu p y  s m a lle r  p ro p o r t io n a l w idth s. 
U su a lly  they a r e  at r igh t ang les to the ax is  o f  the s tre a m , 
but at so m e  p la c e s , p a r t icu la r ly  in  the w id e r  p arts  o f  the 
r iv e r ,  they m a y  sudden ly  a ssu m e  a d iagon al p o s it io n , 
m ovin g  ra th er ra p id ly  a c r o s s  the s tre a m  in the d ir e c t io n  
tow a rd  w h ich  the u p strea m  s id e  o f  the w ave has turned .
(pp. 42, 43)
P ie r c e 's  d e s c r ip t io n  o f the antidune phen om en on  is  quite a c cu ra te .
The f ir s t  attem pt at an a n a ly tica l trea tm en t o f  antidunes w as m ade 
by L an gbein  (11) in  1942. B y  app lying d im en sion a l a n a ly s is  to the 
re su lts  o f G ilb e r t 's  e x p e r im e n ts , he d e lin ea ted  the tra n s itio n s  fr o m  
dunes to fla t  bed  and fr o m  fla t  bed  to antidunes on a p lot o f F roude 
num ber (b a se d  on h y d ra u lic  rad iu s) v e rs u s  the p ro d u ct  o f  v e lo c ity  and 
h y d ra u lic  ra d iu s . A  d iffe re n t  re la t io n  w as obta ined  fo r  th ree  o f  the 
d iffe re n t  sands u sed  by G ilb e r t . L a n g b e in 's  c r i t e r io n  w il l  be d is c u s s e d  
in s e c t io n  5 -4 . H e w as a ls o  the f i r s t  to point out that th ere  is  so m e  
d isa g re e m e n t on the ra te  and d ir e c t io n  o f m ovem en t o f antidunes.
In the p ast few  y e a rs  v a r io u s  la b o r a to r y  in v e s tig a to rs  ( I ,  12)
* P ie r c e  r e fe r r e d  to the s u r fa ce  w ave as a "sa n d  w a v e " . Th is is  s o m e ­
what con fu sin g  s in ce  the te rm  sand w ave is  a ls o  a s s o c ia te d  w ith  the 
w aves  o f  sand on the bed . In this w o rk , the te rm  sand w ave has the 
la tte r  m ean in g . The s u r fa c e  w a te r  w aves  a re  c a lle d  s ta tion a ry  w a v e s .
8have o b s e r v e d  antidunes in l a b o r a t o r y  f lu m e s  and p re se n te d  qualitative 
d e s c r ip t io n s  of  their  o c c u r r e n c e  and b e h a v io r .  H o w e v e r ,  no quantitative 
data w e r e  c o l l e c t e d  b e c a u s e  the highly unsteady nature of  the f low  made 
the depth and v e lo c i t y  d i f f i cu l t  to m e a s u r e .  R ecen t ly  S im ons  and 
R ic h a rd s o n  (3) have p re se n te d  the f i r s t  r esu l ts  of  an ex tens ive  la b o r a to r y  
invest igat ion  which  inc luded  all  r e g i m e s  o f  f l ow  in al luvial  channels  
f r o m  no sand m o v e m e n t  through antidunes.  F iv e  of  the f o r t y - f i v e  runs 
they r e p o r t e d  w e r e  in the antidune r e g i m e .  T h e ir  r esu l ts  r e p r e s e n t  the 
f i r s t  quantitative data on antidunes to appear in the A m e r i c a n  l i terature  
s ince  G i lb e r t  (9) publ ished  his r e su l ts  in 1914.
1 -3 .  P u r p o s e  and Scope  of  this Investigat ion
The p u rp ose  of  this invest iga t ion  was to conduct  a th e o re t i ca l  and 
la b o r a t o r y  study o f  the o c c u r r e n c e  and behav ior  o f  antidunes and the 
s tationary w aves  which  a c c o m p a n y  them, and their  e f fe c t s  on the 
f r i c t i o n  fa c to r  and sed im ent  t r a n s p o r t  c a p a c i ty  of  the f low.  The 
th e o re t i ca l  study was c o n c e r n e d  with an ana lys is  o f  the s tationary waves  
which  f o r m  and their  in terac t ion  with the sand bed. The la b o r a t o r y  r e ­
s e a r c h  c o n s i s t e d  of 30 runs in a r e c i r c u la t in g  f lum e 10. 5 inches  wide 
and 40 feet  long, and 13 runs  in a r e c i r c u la t in g  f lum e 33. 5 inches  wide 
and 60 fee t  long . T w o  d i f ferent  sands w e r e  used  f o r  the e xp e r im e n ts .
In each  run, equ i l ibr ium  f low  was es ta b l i sh ed  o v e r  a bed  of sand and 
the f low  depth, water  d i s c h a r g e ,  e n e r g y  grade  line s lope ,  and mean 
sed im ent  c on cen tra t ion  in the f low  w e r e  m e a s u r e d .  The depth of f low  
ranged  f r o m  0. 074 to 0. 356 fee t  and the v e l o c i t y  was  v a r ie d  to give a 
F ro u d e  num ber  range o f  about 0. 75 to 2. 25.
In chapter  2, the th e o re t i ca l  study of the p r o b le m  is p resented .  
Chapter 3 d e s c r i b e s  the apparatus ,  p r o c e d u r e ,  and sand used and 
d i s c u s s e s  the ana lys is  of  l a b o r a t o r y  data. In chapter  4 the e x p e r i ­
mental  data are  p r e s e n t e d  along with d e s c r ip t i o n s  of  the va r io u s  bed 
and w ater  s u r fa ce  con f igurat ions  which  w e re  o b s e r v e d .  The fifth 
chapter  explains  s o m e  of  the e x p e r im e n ta l  o b s e r v a t io n s ,  c o m p a r e s  the 
th e o re t i ca l  and ex p e r im e n ta l  r e su l ts ,  d i s c u s s e s  L a n g b e in ’ s c r i t e r i o n ,  
and p re se n ts  the l im ited  amount of  data w hich  is  ava i lab le  f r o m  natural 
s t r e a m s .  The re su l t s  are  s u m m a r i z e d  in chapter  6.
S ym bo ls  w i l l  be de f ined  w here  they f i r s t  appear  and are  s u m m a -
9r iz e d  in the appendix. T a b les ,  f ig u r e s ,  and equations a re  num bered  
s e p a ra te ly  f o r  ea ch  ch ap ter ;  the num ber b e fo r e  the dash denotes  the 
chapter  and the num ber fo l lo w in g  the dash g ives  the n um ber of the item  
in the ch ap ter .  The r e fe r e n c e  n u m bers  used  in the text r e fe r  to the 
n u m bered  ite m s  in  the r e fe r e n c e  l is t  w h ich  fo l lo w s  the appendix.
CHAPTER 2
A N A L Y T IC A L  CONSIDERATIONS
W ater f low in g  o v e r  antidunes has two d e fo r m a b le  in te r fa ce s :  
one with a ir  at the f r e e  su r fa ce  and one with sand at the bed . A  m a th e ­
m a t ica l  m o d e l  d e s c r ib in g  the f lo w  m u st  sa t is fy  fo u r  boundary  con d it ion s : 
the dynam ic  con d it ion  at the f r e e  s u r fa ce  (constant p r e s s u r e ) ;  k inem atic  
con d it ion s  at both su r fa c e s  (v e lo c i ty  tangent to in te r fa ce ) ;  and continuity 
of sand m ot ion . The la st  con d it ion  in tro d u ce s  the re la t io n  betw een  the 
f lo w  p a r a m e te r s  and tra n sp o r t  c h a r a c t e r i s t i c s  of the sand. The f i r s t  
three  of these boundary con d it ion s  a re  n on lin ear  and the fourth  cannot 
now be r ig o r o u s ly  fo rm u la te d  s in ce  the p h y s ica l  law re la tin g  the m o v e ­
m ents o f  the sand and w ater  is  unknown.
In his 1956 su rv e y  of the p ro b le m  o f  wind gen era tion  of w ater 
w a v e s ,  U rse l l  (13) opens with the statem ent that "w ind  b low ing o ver  a 
w ater  s u r fa ce  ge n e ra te s  w aves  in the w ater  by a p h y s ica l  p r o c e s s  w hich  
cannot be re g a r d e d  as know n" and co n c lu d e s  that "the p re se n t  state of 
our know ledge  is  p ro fou n d ly  u n s a t is fa c to r y " .  Such is the c a s e  in a 
p r o b le m  in w hich  there  is  on ly  one in te r fa ce  and the law s govern in g  the 
m o t io n  o f  the f lu ids  on e ither  s ide  o f  the in te r fa ce  are known and can  be 
e x p r e s s e d  m a th e m a t ica l ly  as the N a v ie r -S to k e s  equations. In the p ro b le m  
at hand there  a re  two s tron g ly  cou p led  in te r fa c e s ,  and ne ither  the laws 
govern in g  the in te ra c t io n  o f  the w ater  and sand nor the law s govern ing  
the m o t io n  o f  the sand a re  known. T h e r e fo r e  it w ould  be m o s t  op t im is t ic  
to ex p e c t  a c o m p le te  so lu tion  to be fo r th co m in g .
In this chapter  the equations govern in g  the f lo w  o v e r  a w avy, 
d e fo r m a b le  bed  w il l  be fo rm u la te d  and the s p e c ia l  c a s e  o f  a f ixed  w avy 
bed w il l  be s o lv e d .  Th is  so lu tion  togeth er  with p h ys ica l  argum ents  w ill  
be used  to deduce  the re la t io n  betw een  the f lo w  v e lo c i ty  and the wave 
length of the s u r fa ce  w aves  and antidunes. The break ing  o f  stationary  
w a v e s ,  and the m o v e m e n t  of antidunes w il l  be then an a lyzed . F in a lly ,  
the v e lo c i t y -w a v e  length re la t io n  w il l  be c o n s id e r e d  f o r  s ta tion ary  w aves  
and antidunes w h ich  are  not o f  the tw o -d im e n s io n a l  f o r m .
In the ana lytica l c o n s id e r a t io n s  o f  w aves  p re se n te d  in this
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invest igation ,  l in e a r i z e d  f o rm u la t io n s  w i l l  be used.  Thus the perturbat ion  
v e l o c i t i e s  w i l l  be c o n s i d e r e d  s m a l l  c o m p a r e d  to the f low  ve lo c i ty ,  so  the 
nonl inear  t e r m s  can  be neg lected ,  and the boundary  cond it ions  wil l  be 
sa t is f ied  on the undisturbed p os i t ions  of  the in t e r fa c e s .
2-1. Equations of  F lo w  o v e r  a D e fo r m a b le  Wavy Bed
The m o t io n  of the fluid w i l l  be t reated  as i r ro ta t ion a l .  Then the 
ve lo c i ty ,  q, can be e x p r e s s e d  as the grad ient  of  a potential function, /
q = g rad  / .  (2 -1 )
Since the f luid  is  i n c o m p r e s s i b l e ,  the d iv e r g e n c e  o f  q is  z e r o  and hence
div  grad  /  = 0 (2 -2 )
is the equation w hich  m ust  be sa t is f ied  in the re g io n  -d < y $ O ,  w here  
y is  the v e r t i c a l  c o o rd in a te ,  with y = 0 be ing the m e a n  w ater  s u r fa ce ,  
and d is the m e an  depth ( see  f igure  2 -1 ) .
Fig .  2 -1 .  Definit ion sketch  of f low  o v e r  a wavy bed.
It w i l l  be conven ient  to divide /  into two parts ,
/  = V x  + J (2 -3 )
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w here
/  = potentia l function  f o r  the p ertu rb a tion  v e lo c i t ie s  
V = m ean  v e lo c i ty  = 3.
q = w ater  d is c h a rg e  p e r  unit w idth o f  s tre a m  
d = m ean  depth.
The potentia l function  /  m ust  a ls o  sa t is fy  equation  2 -2 .
The p r o f i le s  o f  the w avy bed  and f r e e  s u r fa c e  w il l  be denoted  by 
η (x, t) and ξ ( χ ,  t) r e s p e c t iv e ly .  The k in em atic  boundary  cond it ion  at 
the f r e e  s u r fa c e  is
V £ x  + £t = / y ( x , 0 , t )  (2 -4 )
and the d yn am ic  con d it ion  (B e r n o u l l i 's  equation) is
g£ + / t ( x , 0 , t )  + V / x ( x , 0 , t )  = 0 (2 -5 )
w h ere  the s u b s cr ip ts  denote p art ia l  d if fe ren t ia t ion  and g is  the g r a v i ­
tational constant. The k inem atic  con d it ion  at the sand bed  is
γ ηχ + Tfc = / y ( x , - d , t ) .  (2 -6 )
The rem ain in g  con d it ion  in v o lv e s  the continuity  equation f o r  the sand 
tra n sp ort ,
+ B m = O  (2 -7 )9x  t
w here
G(x) = lo c a l  rate  o f  sed im en t  t ra n sp o r t  p e r  unit width on a 
w eight b a s is  (e . g. , l b / f t - s e c )
B = bulk s p e c i f i c  w eight of sand in the bed .
The la s t  con d it ion  (equation  2 -7 )  in tro d u ce s  another unknown, G(x), 
w h ich  n e c e s s ita te s  another equation . This  equation  is  the re la t io n  betw een  
G(x) and the lo c a l  f low  p a r a m e te r s  and the sand c h a r a c t e r i s t i c s ,
G(x) = G ( lo c a l  depth, lo c a l  v e lo c i ty ,  flu id  p r o p e r t ie s ,  sand
c h a r a c t e r i s t i c s ) .  (2 -8 )
H ere in  l ie s  the stum bling  b lo ck ,  f o r  the p h y s ic a l  law  w h ich  equation 2 -8  
e x p r e s s e s  is  unknown.
2 -2 .  F lo w  o v e r  a R ig id  W avy Bed
Although the g e n e ra l  p r o b le m  o f f lo w  o v e r  a d e fo r m a b le  bed 
cannot now be so lv e d ,  c e r ta in  a sp e cts  o f  the beh a v ior  of antidunes and
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accom p a n y in g  s ta tion ary  w aves  can  be obtained f r o m  the so lu tion  f o r  f low  
o v e r  a f ix e d  w avy bed . The so lu tion  o f  this p r o b le m  can  be obtained 
d ir e c t ly  in the fo l lo w in g  w ay. C o n s id e r  the s im p le  h a rm o n ic  w ave tra in  
shown in f ig u re  2 -2 a  m ov in g  f r o m  right to le ft  in a f lu id  of depth H. The 
c e le r i ty ,  c ,  o f  such  a w ave is  g iven  by M i ln e -T h o m s o n  (5, p. 391) as
c 2 = -  tanh kH (2 -9 )k
w here
k = w ave num ber 
L
L = w ave length .
The s tre a m  function  w il l  be denoted  by -ψ and the c o m p le x  potentia l by f .  
Thus
f (z ,  t) = /  + i (2 -1 0 )
w h ere  z is  a c o m p le x  n u m ber ,  z = x  + iy.
F o r  a tra in  o f  s im p le  h a rm o n ic  p r o g r e s s iv e  w aves  the c o m p le x  potential 
is  (s e e  M i ln e -T h o m s o n  (5), p. 390)
f  = c Asinh kH c o s  k (z '  + i H + c t)
( 2 - 11)
w h ere  A  is  the w ave am plitude. The probleuo can be re d u ce d  to one o f  
steady m otion  by taking the axes  as m ov in g  with the w a v e s .  This is 
a c c o m p l is h e d  by substituting z - e t  f o r  z ' .  If a v e lo c i ty  V = c is 
then su p e rp o s e d  on the w hole sys tem  (fig u re  2 - 2b) the wave p r o f i le  and 
the axes  w il l  be brought to r e s t  and the w ater w i l l  have a m ean  v e lo c ity  
V in the x d ir e c t io n .  This  is  the d e s ir e d  f lo w  and its  c o m p le x  potential 
is  g iven  by
f = V z  + ----- ----------  c o s  k (z  + iH ) .  (2 -1 2 )
sinh k H
When the r e a l  and im a g in a ry  p arts  o f  equation 2 -1 2  are  sepa ra ted , the 
v e lo c i ty  potentia l and s trea m  function  can be e x p r e s s e d  as
/  = V x  + ----- —  c o s h  k(y + H) c o x  k x  (2 -1 3 )
sinh k H
ψ = V y -------- yy .—  sinh k(y + H) sin  k x .  (2 -1 4 )
s i n h k H
The f lo w  is  now steady and any s tre a m lin e  ca n  be c o n s id e r e d  as a f ixed  
bed, as shown in f ig u re  2 -2 c .  Equations 2 -1 2  and 2 -14  d e s c r ib e  the f low  
in the in terva l  -d  y T^ 0. This  f low  is  the top part o f  the tra in  of s im p le
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(a) Translat iona l  grav ity  waves  m ov in g  f r o m  right  to left .
(b) Stationary grav ity  w aves .  The wave train of  f igure  (a) has been 
brought  to r e s t  by im p o s in g  a v e l o c i t y  V = c on the fluid.
(c)  F lo w  o v e r  a r ig id  wavy bed. A s tre am l in e  of  the f low  shown in 
f igure  (b) has been  r e p la c e d  by a r ig id  boundary .
F ig .  2 -2 .  Steps in the d eve lop m ent  of  the 
equations fo r  f l ow  o v e r  a r ig id  wavy  bed.
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h a rm o n ic  g ra v ity  w aves  in a f lu id  with a h o r izo n ta l  bottom  at depth H.
The w aves  have been  brought to r e s t  by su p e rp o s in g  on them  a v e lo c ity  
equal and op p os ite  to the wave c e le r i ty .
F r o m  equation 2 -9  it m ay  be noted that s ince  c = V,
V 2 = J t t a n h A i L .  (2 -1 5 )
2π L
Thus L  depends on ly  on V and H and is  independent o f  d. F u rth er , 
f o r  a g iven  v e lo c i ty  th ere  is  an infinite n um ber o f  c om p a t ib le  wave 
lengths, e a ch  c o r r e s p o n d in g  to a d i f fe re n t  value of H. The h igher o r d e r  
so lu tion  f o r  the c a s e  o f  f in ite  A / L  can be obta ined  by re p la c in g  f  of 
equation  2-11, w hich  is ,  a fter  the t ra n s fo r m a t io n s ,  the h a rm on ic  te rm  
of equation 2-12, by the c o m p le x  potential o f  a tra in  o f  w aves  o f  finite 
am plitude.
2 -3 .  F o r m  of the B ed  P r o f i le
The re la t io n  betw een  the f o r m  of the bed  p r o f i le  and w ater 
su r fa ce  p r o f i le  can  be obtained  d ir e c t ly  f r o m  equation 2 -1 4 .  The equation 
of the bed  p r o f i le  is  η(χ) and its p os it ion  is  y = -d  + η(χ). The total 
f low  o v e r  the w avy bed  is  V d. T h e r e fo r e  the bed  p r o f i le  is  the s t r e a m ­
line i|( = -V  d. If th ese  va lues  of y and ψ are  substituted  into equation 
2 -1 4 ,  the resu lt  is
-V  d = V I -d  + η(χ) I - ---------------  sinh k (H -d) sin  k x .  (2 -1 6 )
L J sinh k H
Note that using y = -d  instead  o f  y = -d  + η(χ) in the h y p e rb o l ic  sine 
te rm  is  c o n s is te n t  with the l in e a r iz e d  th eory .  F r o m  equation 2 -16 ,
/ , A s i n h k ( H - d )  . ,η(χ) = ---------------- 2---------— sm  k x .
sinh k H
Thus the bed  p r o f i le  η(χ) is  a lso  s inuso ida l with a d if fe ren t  am plitude, 
a, g iven  by
a = A -siJlh M P - d ) . ( 2-17)
sinh k H
Equation  2 -17  can be s im p li f ie d  with the aid o f  equation  2 -15  to
y ie ld
— = (I - —~  tanh k d) c o s h  k d .  (2 -1 8 )
A V ^k
Equation 2 -1 8  shows that the p r o f i l e s  o f  the bed and f r e e  s u r fa c e  are  in
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phase o r  180 d e g r e e s  out o f  phase a c c o r d in g  as V is  g r e a te r  than or  
le s s  than (g /k )  tanh k d .  The c o m p le te  m a th em a tica l  so lu tion  includes  
both o f  these  c a s e s .  In the latter  c a s e ,  d is  g r e a te r  than H and the 
so lu tion  in the in terva l  betw een  the v ir tu a l h or izon ta l  bottom  and the w avy 
bed (-d < C  y<^ -H) is  r e p re s e n te d  by the analytic  continuation  o f  the 
c o m p le x  potentia l (equation  2 -1 2 ) .  This c a s e  w il l  not be c o n s id e r e d  
fu rth er  h e re  b e ca u se  o f  its obv iou s  d is s im i la r i t y  to f lo w  o v e r  antidunes.
2 -4 .  V e lo c i ty -W a v e  Length R e la tion  f o r  F l ow  o v e r  Anti dunes
A s w il l  be d is c u s s e d  in ch ap ter  4, antidunes a re  f o r m e d  when the 
f r e e  s u r fa ce  o f  a s tre a m  is  d isturbed , p ro v id e d  the depth, v e lo c ity ,  and 
tra n s p o r t  c h a r a c t e r i s t i c s  o f  the bed m a te r ia l  a re  within c e r ta in  l im its .
The exc it in g  d istu rba n ce  can  be e x te rn a lly  induced  by p lac in g  a s c r e e n  
o r  o ther  o b s tru ct io n  in the f lo w  to ca u se  the fo rm a t io n  o f  a s ta tion ary  
w ave; o r  it can  re su lt  f r o m  the p r e s e n c e  of dunes or  o ther  antidunes on the 
bed; o r  it can  a r is e  spon taneously  as a s ta tion ary  w ave . The d istu rban ce  
ca u s e s  l o c a l  s co u r in g  d ow n stream  f r o m  w h ich  d ep os it ion  o c c u r s  and an 
antidune r e s u lt s .  Im m ed ia te ly  d ow n strea m  f r o m  this antidune, another 
ahtidune is  f o r m e d  by the sam e p r o c e s s .  T h is  m e ch a n is m  continues to 
f o r m  s u c c e s s iv e  antidunes until it  is  in terru p ted  by  the break in g  o f  one or  
m o r e  s ta tion ary  w a v e s ,  or  the spontaneous d isa p p e a ra n ce  o f  the w aves  
and antidunes.
The question  that w il l  now be c o n s id e r e d  is  w hether there  is  a 
p r e fe r r e d  w ave length  f o r  ea ch  depth and v e lo c i ty .  The c o m p le te  answ er  
to this question  l ie s  in the p re se n t ly  unattainable so lu tion  to the p ro b le m  
fo rm u la te d  in s e c t io n  2 -1 .  The a ltern ative  is  to  ig n o re  f o r  the m om en t 
the deta ils  o f  the sed im en t  tra n s p o r t  pattern  w hich  f o r m s  the antidunes 
and a ssu m e  that the f lu id  f lo w  pattern  w il l  im p o s e  i t s e l f  on the sand bed 
and f o r m  the d e s ir e d  boun dary  co n figu ra t ion  by suitable  s co u r  and 
d ep os it ion .  A ttention  can  then be f o c u s e d  on the s te a d y -s ta te  f lu id  m otion  
in  d e term in in g  the p r e fe r r e d  w ave length.
It w as shown in the two p r e ce d in g  s e c t io n s  that f o r  a g iven  
v e lo c i ty ,  th ere  is  an infinite  num ber o f  wave lengths w hich  w il l  y ie ld  
a so lu tion  co m p a t ib le  w ith the boundary  c o n d it io n s .  T h e se  w ave lengths 
are  a function  of only H and V and a re  the so lu tions  of
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* An analogous m e ch a n ica l  o r  e l e c t r i c a l  sys tem  is  adm itted ly  d iff icu lt  
to c o n c e iv e .
V 2 = f ^  tanh —  H , H > d .  (2 -1 5 )
2π L
2π VA s s o c ia te d  with ea ch  wave length is  a fre q u e n cy ,  ω  = -------. Thus the
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flo w  o v e r  a d e fo r m a b le  bed can  be c o n s id e r e d  as a sy s te m  w hich  has an 
infinite  n um ber o f  natural m o d e s ,  ea ch  with a d i f fe re n t  natural f re q u e n cy .  * 
The depth to the v irtual h or izon ta l  bo ttom , H, is  the independent v a r ia b le .
It is  h ere  h yp oth es ized  that the f lo w  w ill  se e k  out the wave length 
f o r  w hich  the total e n e rg y  of the flu id  f o r  a g iven  w ave am plitude w il l  be 
a m in im u m . Stated another w ay, the hypoth es is  is  that the on ly  m od e  
w h ich  w il l  be e x c ite d  is  the m od e  w hich  w il l  have the g r e a te s t  am plitude 
f o r  a g iven  e n e rg y .
The p r o b le m  now c o n s is t s  of d e term in in g  the value of H fo r  
w hich  the total e n e rg y  o f  the f lo w  is a m in im u m . The potentia l e n ergy  
p e r  w ave length f o r  a unit width, P ,  is  due to the w ater  w h ich  is d i s ­
p la ce d  f r o m  the w ave trough  to the w ave c r e s t .  If p g is  the unit 
w eight of the w ater ,
rL ■?
p = 1Y - J η2 dx
= β-Η- f  A 2 s in 2 k x  dx
2 J o
I λ  2 T
= 4 P § A  L *
The a v era ge  potentia l e n e rg y  p er  unit a re a ,  P , is
P = L p g A 2 (2 -19 )
and is  independent of L and thus o f  H. T h e r e fo r e  only the k inetic  
e n e rg y  m u st  be c o n s id e r e d  in d e term in in g  the m in im um  total en ergy .
The k inetic  e n e rg y  p e r  w ave length  f o r  a unit width, T , is
In troducing  /  f r o m  equation 2 -13  and c a r r y in g  out the in tegration  the 
re su lt  is
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T = i p  V 2 L d +  -P-—ki - Σ----- f s in h  2 k H  - s i n h 2 k ( H  - d)1 . (2 -20 )
S s i n h ^ k H  L J
The f i r s t  t e rm  on the right is s im p ly  the kinetic  e n e rg y  due to the t r a n s ­
lational  v e l o c i t y  of  the f lu id  and is independent  of  H. The secon d  term
r e p r e s e n t s  the kinetic  e n e r g y  due to the perturbat ion  v e l o c i t i e s .  Sub-
2
stituting f o r  V f r o m  equation 2 -1 5 ,  equation 2 -20  b e c o m e s
T = i  p V 2 L d  + PLgA Γ I - — P-h—Z - k  (P r ..?.? I (2 -21 )
2 4 I sinh 2 k H J
and the av e ra ge  kinetic  e n e r g y  p e r  unit area ,  T, is
T = i  PV 2 d + PgA -  Γ I - - P.^ i .-.Z.,k.i -H .~.d) .] . (2 -22 )
2 4 L sinh 2 k H J
Note that if  H = d, the se co n d  te rm  on the r ight  r e d u c e s  to the kinetic
en e rgy  of a s im p le  h a r m o n ic  wave.
Equation 2 -22  shows that f o r  all  va lues  of d the kinetic  e n e r g y
(and thus the total energy )  of the f low  a p p ro a ch e s  its m in im u m  value as
H tends to infinity.  Thus, under the hypothes is  that the wave length
s e le c t e d  by the sy s te m  is that which  c o r r e s p o n d s  to the m in im um  e n e r g y
fo r  a g iven amplitude,  the per tu rbat ion  v e l o c i t i e s  a c co m p a n y in g  the f low
o v e r  antidunes are  the sam e as those  of  a grav ity  wave in a f luid  of
inf inite depth. This  is p o s s ib l e  even  though the actual depth, d, is
r e la t iv e ly  s m a l l  b e c a u s e  the f l o w  can d e fo r m  the sand bed  to c o n f o r m  to
a s t r e a m l in e  of such a wave.  The resu lt ing  v e l o c i t y - w a v e  length re lat ion
given by equation 2 -15  is
V 2 = S i i  (2 -23 )
2π
s ince  tanh k H  ap p ro ach e s  unity as H tends to infinity.
The fact  that the m in im u m  e n e r g y  of the f low  o v e r  a wavy  bed  
c o r r e s p o n d s  to the c a s e  H = co can be deduced  d i r e c t l y  f r o m  phys ica l  
c o n s id e r a t i o n s .  The total kinetic  e n e r g y  per  unit a r e a  of  a s im p le  h a rm o n ic  
wave in a fluid of  a r b i t r a r y  depth H with a r ig id  hor izonta l  bed  is given 
by the se co n d  t e r m  on the right of  equation 2 -22  with H = d,
T = I p g A 2 .. (2 -24 )
Equation 2 -24  shows that T is  independent of  the depth, H, to the 
v irtual  bottom .  If H = d all of  the kinetic  en e rgy  is inc luded  in the 
r e g io n  of f low ,  - d <  y< ;  0. As  H is in c r e a s e d ,  T r e m a in s  constant
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but s o m e  of the k inetic  e n e rg y  is a ccou n ted  f o r  by the pertu rbation  
v e lo c i t ie s  outs ide  o f  the r e g io n  o f  in te re s t ,  i . e .  , in the re g io n  y<^ -d. 
Thus as the v irtua l bottom  is  lo w e re d ,  the total k inetic  e n e rg y  rem ain s  
constant but is  sp rea d  o v e r  a w id er  a re a  so  that the k inetic  e n e rg y  in the 
r e g io n  of in te re s t  d e c r e a s e s  and a p p roa ch es  a m in im um  as H tends to 
infinity.
The potentia l e n e rg y  of the sand bed due to its  d e fo r m e d  shape 
was not in c luded  in the ana lys is .  The e n e rg y  to tra n sp ort  the sed im ent 
c o m e s  p r im a r i ly  f r o m  the v e lo c i t ie s  a s s o c ia te d  with the translationa l 
f lo w  of  the flu id , p a r t icu la r ly  the turbulent com p on en ts  w hich  cannot be 
d e s c r ib e d  a c c u r a te ly  and w h ich  a re  not, o f  c o u r s e ,  c o n s id e r e d  in the 
potential f lo w  solution . The p ertu rb a tion  v e lo c i t ie s  due to the stationary 
w aves  act on ly  to m o d ify  the l o c a l  t ra n sp o r t  ca p a c ity  and do not th e m se lv e s  
supply the e n e rg y  to m o v e  the sand f r o m  the troughs to the c r e s t s  of the 
antidunes. S ince  any t r a n s fe r  of e n e rg y  f r o m  the p ertu rbation  v e lo c i t ie s  
to the turbulent v e lo c i t ie s  is p ro b a b ly  n e g lig ib le  c o m p a r e d  to the turbulent 
e n e rg y  gen era ted  by the shear f lo w ,  the e n e rg y  of the bed  d oes  not enter 
into the e n ergy  an a lys is  of the w a v e s .  A  fu rth er  d is c u s s io n  of the r o le s  
of the tran s la tion a l v e lo c i ty  and p ertu rb a tion  v e lo c i t ie s  is  p re se n te d  in 
se c t io n  5 -2 .
Another a p p roa ch  is  to exam in e  the rates  of e n e rg y  d iss ip a t ion  
due to v is c o u s  sh ear .  The m ode  fo r  w h ich  the rate of e n e rg y  d iss ip a t ion  
in the flu id  is  the m in im um  is the m o d e  w hich  w ould  be e x p e c te d  to 
a ch ieve  the g re a te s t  am plitude. The p r o b le m  o f  shear  f lo w  o v e r  a wavy 
bed has not been  s o lv e d  so  it is  not now p o s s ib le  to c o m p a r e  the e n ergy  
d iss ip a t io n  ra tes  f o r  d i f fe re n t  w ave lengths. H ow ev er ,  f o r  potential f low  
o v e r  a w avy bed , equation 2 -1 3  show s that the p ertu rb a tion  v e lo c i t ie s  and 
their  grad ien ts  d e c r e a s e  as the d istan ce  to the v ir tu a l h or izon ta l  bottom  
in c r e a s e s .  F u rth e r ,  B ie s e l  (14) has shown that fo r  w aves  in a still ,  
v is c o u s  f lu id  o f  fin ite  depth, the rate o f  e n e rg y  d iss ip a t io n  d e c r e a s e s  as 
the depth of the flu id  in c r e a s e s .  T h ese  co n s id e r a t io n s  su ggest  that fo r  
shear f low  o v e r  a w avy bed , the w ave length fo r  w hich  the rate of e n ergy  
d iss ip a t io n  due to the p ertu rb a tion  v e lo c i t ie s  is  a m in im um  c o r r e s p o n d s  
to H = oo .
The m in im u m  e n e rg y  h ypothes is  that w as used  to deduce  w hich
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of the infinite num ber o f  s te a d y -s ta te  so lu tions  g iven  by equations 2 -12  
and 2 -15  is  ap p licab le  to f lo w  o v e r  antidunes is  som ew hat tenuous and 
d oes  not fo l lo w  any g e n e ra l  th e o re m . H ow ev er ,  until the law s govern ing  
the t ra n sp o r t  o f  sed im en t  a re  better  un d erstood  and m o r e  c o n c i s e ly  
fo rm u la te d ,  the tra n s p o r t  w hich  o c c u r s  during the fo r m a t io n  o f  antidunes 
cannot be trea ted  an a ly t ica lly .  The a lternative  fo l lo w e d  was to exam ine 
the p o s s ib le  s te a d y -s ta te  so lu tions·  M o r e  in v o lved  and s e e m in g ly  m o r e  
r ig o r o u s  an a lyses  w hich  u tilize  gen era l  th e o re m s  such  as the p r in c ip le  
o f  le a s t  a c t ion  o r  the m o r e  g e n era l  H a m ilton 's  p r in c ip le  can  be used  and 
these lead  to the sam e c o n c lu s io n  as the m in im u m  e n e rg y  h y poth es is .  
H ow ev er ,  under c l o s e  exam ination , ea ch  o f  these  a lternate  a p p roach es  
r e v e a ls  s o m e  m a jo r  w eak n ess  when ap p lied  to the f lu id -s a n d  bed  system  
r e p re s e n t in g  f low  o v e r  antidunes and they are  a ctu a lly  no m o r e  f o r c e fu l  
o r  con v in c in g  than the a p p roa ch  used  h e r e .
The so lu tion  b a sed  on the m in im u m  e n e rg y  h ypothes is  show s that 
there  is  a s ingle  wave length fo r  ea ch  v e lo c i ty .  H ow ev er ,  it is  t h e o r e t i ­
c a l ly  p o s s ib le  fo r  all a d m iss ib le  w ave lengths to e x is t  s im u lta n eou s ly  on 
a r ig id  w avy bed. The bed p r o f i le  w ould  then c o n s is t  of a su p e rp o s it io n  
o f  the bed  f o r m s  o f  a ll w ave lengths and w ould  be a c o m p le x ,  in tr ica te  
pattern  co n s is t in g  o f  undulations o f  d ifferen t  am plitudes  and w ave lengths. 
Such a pattern  w ould  not seem  com p a t ib le  with the sed im en t  tran sp ort  
phenom enon in the antidune re g im e  w h ere  no f lo w  sep a ra tion  o c c u r s  d o w n ­
s tream  f r o m  the bed  fe a tu re s .  In this r e g im e ,  the sed im en t  in tra n sp ort  
is  swept along at such  high v e lo c i t ie s  that it is  im p o s s ib le  f o r  the 
d i f fe re n t ia l  s co u r  and d e p o s it io n  to resu lt  in fe a tu re s  w h ich  a re  not 
r e g u la r  and p e r io d ic .
In this r e g a r d ,  the th e o re t ica l  w o rk  of V itou sek  (15) should be 
m entioned . V itou sek  sought a solution  to the p ro b le m  of f lo w  o v e r  a wavy 
bed  w h ich  w ould  s a t is fy  the f r e e  su r fa ce  boun dary  con d it ion  exa ct ly .  He 
a s su m e d  that the f r e e  s u r fa ce  is  a t r o ch o id  g iven  p a r a m e t r ic a l ly  by
0
x  = — + A  sin Θ k
y = h - A  c o s  Θ
w here  h is  a constant. Th is  is  the ap p rox im ate  f o r m  of a grav ity  wave 
of fin ite  am plitude, as is  d is c u s s e d  by L am b (4, p. 418). The w aves  of
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v e r y  s m a ll  am plitude c o n s id e r e d  e a r l ie r  are  the s p e c ia l  c a s e  o f  this
f o r m  w h ere  A k  is  v e r y  m u ch  le s s  than unity. V itou sek  then used an
in v e rs e  m ethod  to d e te rm in e  the c o m p le x  potentia l w hich  sa t is f ie d  the
boundary  cond it ions  f o r  a w ave o f  length 2π . M idw ay through  his so lution
2
he was f o r c e d  to c h o o s e  2h = A  + 1  in o r d e r  to keep  the so lu tion  in
c l o s e d  f o r m .  This  c h o ic e  o f  h is  tantamount to c h o o s in g  a v e lo c i t y -
w ave length re la t ion .  V itou sek  p re se n te d  s o m e  n u m e r ic a l  r e su lts  based
on his fina l so lu tion  w h ich  show ed  that this re la t io n  is  the sam e as the
v e lo c i t y -w a v e  length re la t io n  fo r  a deep  w ater  g ra v ity  w ave . φ V itousek
w as unable to d e te rm in e  the f o r m  of the s t r e a m lin e s  in  the c a s e  2h /  A  + I.
He stated, h o w e v e r ,  that his  rough  ca lcu la t io n s  "gave  a s tron g  ind ication
2that the va lue 2h = A  + 1  a ctu a lly  did y ie ld  a sm o o th e r  bottom  than did 
other v a lu e s "  (p. 28).
2 -5 .  B reak ing  o f  Stationary W aves
It w as o b s e r v e d  that antidunes, on ce  in itia ted , g ro w  in am plitude 
until they r e a c h  s o m e  l im it in g  va lu e .  Under c e r ta in  con d it ion s  the 
s ta tion ary  w aves  often  b re a k  b e fo r e  the antidunes r e a c h  the ir  l im it ing  
am plitude . The w aves  b rea k  in the u p stream  d ir e c t io n  w h ich  is  the 
d ir e c t io n  o f  the wave propa gation  re la t iv e  to the w a ter .  In appearance  the 
break in g  r e s e m b le s  that o f  o cean  w aves  as they a p p ro a ch  the sh o re .
In the p r e ce d in g  s e c t io n  it w as shown f r o m  the m in im u m  e n e rg y  
hypoth es is  that the w aves  w hich  a c co m p a n y  antidunes can  be c o n s id e r e d  
as s im p le  g rav ity  w aves  in a f lu id  o f  infinite  depth. The p r o f i le  o f  such  
w aves  with fin ite  am plitude has been  in v est iga ted  by M ic h e l l  (16). F r o m  
an in v est iga tion  o f  the k in e m a tics  o f  the f lu id  m ot ion  at the w ave c r e s t s ,  
M ich e l l  found that the m ax im u m  w ave height (v e r t ica l  d istan ce  f r o m  trough  
to  c r e s t )  that can  ex is t ,  2Α^, is
2Ac = 0. 142 L . (2 -2 5 )
* The f o r m  of the f r e e  s u r fa ce  o f  the w ave in v est iga ted  by V itousek  is 
the sam e as that o f  G e r s t n e r 's  t r o ch o id a l  w ave . H ow ev er ,  the flu id  
m ot ion  a ccom p a n y in g  G e r s t n e r 's  w ave is  rota t ion a l.  In V ito u s e k 's  
solution , th ere  are  s in g u la r it ie s  w h ich  m ake the f lo w  ir ro ta t io n a l  w hile  
s t i l l  p r e s e r v in g  the t r o ch o id a l  f o r m  of the f r e e  s u r fa c e .  The lo ca t io n  
o f  the bed  in V ito u s e k 's  so lu tion  m ust be such  that the s in gu la r it ie s  are  
exc lu d ed  f r o m  the r e g io n  o f  in te re s t .
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2 -6 .  M ovem en t o f  Antidunes
In the d e s c r ip t io n s  o f  antidunes g iven  in ch ap ter  I, frequent 
m en tion  w as m ade o f  their  grow th  and u p stream  m o v e m e n t .  T h e ir  
b e h a v io r  cannot be fu lly  ana lyzed  until the law s of sed im en t  tra n sp o r t  
a re  better  u n d ers tood . H ow e v e r ,  the ir  d i r e c t io n  o f  m o v e m e n t  can be 
d ed u ced  i f  a re a s o n a b le  t ra n sp o r t  law  is  a s su m e d  and used  in con n ect ion  
w ith the so lu tion  f o r  f lo w  o v e r  a r ig id  w avy bed . It w il l  be a ssu m e d  that 
the antidunes m o v e  u p strea m  and then shown that this m o v e m e n t  is  
c o m p a t ib le  w ith the so lu tion  p re se n te d  in s e c t io n  2 -2  fo r  f lo w  o v e r  a r ig id  
w avy bed i f  the rate  o f  antidune m o v e m e n t ,  V , is  s m a ll  c o m p a r e d  to 
the f lo w  v e lo c i ty ,  V. The so lu tion  w hich  w il l  be obta ined  is  the sam e 
as that w h ich  w ou ld  re su lt  i f  a v e lo c i ty  V - V  instead  o f  V w ere  
s u p e r im p o s e d  on the tran s la t ion a l w aves  d is c u s s e d  in s e c t io n  2 -2  in 
d er iv in g  the so lu tion  f o r  f lo w  o v e r  a f ix e d  w avy bed.
At t im e t le t  the f o r m  o f  the bed  be
η(χ, t) = a sin k (x  + V t). (2 -2 6 )
3.
Then
η = k V a c o s  k ( x  + V t). (2 -2 7 )
l 3. 3
Since t is  a r b i t r a r y ,  t = 0 can  be c h o s e n  and equation 2 -27  b e c o m e s
η, = k V  a c o s  k x .  (2 -2 8 )'t a
It w il l  now be a s su m e d  that the l o c a l  rate o f  sed im en t  tran sp ort  
is  p ro p o r t io n a l  to s o m e  p ow er  of the total h or izon ta l  v e lo c i t y  at the 
le v e l  o f  the bed . Thus
G(x) = m  (|^ (x , -d ) )n
= m  (V + ^  (x , -d) )n (2 -2 9 )
o x
w h ere  m  and n are  con sta n ts .  The f i r s t  te rm  in  p a ren th eses  r e p r e ­
sents the f lo w  v e lo c i ty  and the s e co n d  te r m  r e p re s e n ts  the h or izon ta l  
p ertu rb a tion  v e lo c i ty  at the le v e l  of the bed . If it is  a ssu m e d  that the 
squ ares  and h igher  p o w e r s  of the p ertu rb a t ion  v e lo c i t y  a re  sm a ll  and can 
be n e g le cte d  c o m p a r e d  to the f lo w  v e lo c i ty ,  a b in o m ia l  expan sion  of 
equation 2 -2 9  y ie ld s  _
G(x) = m V n + m  n V n  ^ (x , -d ) .  (2 -3 0 )
9x
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2 -7 .  V e lo c i ty -W a v e  L e n g th R e la t io n  f o r  T h r e e - D im en s ion a l W aves
In m any o f  the f lu m e e x p e r im e n ts  w h ich  a re  d e s c r ib e d  in ch ap ters
As was d is c u s s e d  in s e c t io n  2 -1 ,  the continuity  of sand tra n sp o r t  re q u ire s
Gx (x) + B p t = O. (2 -7 )
Substituting equations 2 -2 8  and 2 -3 0  into equation 2 -7  y ie ld s
2~
B k V  a c o s  k x  = - m  n V n * - — (x,  -d ) ,  (2 -3 1 )
_  a 3 x^
w h ere  /  is  the s e co n d  te rm  on the r ight o f  equation 2 -1 3 .  Substituting
this value o f  /  into equation 2-31 g ives
V = ™ n V  k A  c o s h  k ( H - d). (2 -3 2 )
a a B s in h k  H v ' v '
Substituting f o r  a f r o m  equation 2-17 y ie ld s
V& = — mg——— c °th  k (H - d). (2 -33 )
F o r  f lo w  o v e r  antidunes, H = oo and equation  2 -33  b e c o m e s
V = m  n v " k ■ (2 -3 4 )
a B
Since m V n is  the m ean  rate  of sed im en t  tran sp ort ,  G, the final 
e x p r e s s io n  fo r  the u p stream  rate  o f  m o v e m e n t  o f  the antidunes is
V = (2 -3 5 )
a B
Since V is  independent o f  x  and t and is  p o s it iv e ,  the o r ig in a l  
a ssu m p tion  that antidunes m o v e  u p stream  unchanged in f o r m  is  c o r r e c t  
under the a ssu m e d  tra n s p o r t  law  (equation  2 -2 9 ) .  H ow ev er ,  equation 
2 -35  can  be taken as on ly  qualitative s in ce  the tra n s p o r t  law on w hich  it 
is based  is  only qua lita tive ly  c o r r e c t .
The u p strea m  m o v e m e n t  is  aided by the g ra v ity  f o r c e  acting on 
the sand p a r t i c le s .  On the u p stream  s lo p e s  o f  the antidunes, g rav ity  
o p p o se s  the m o v e m e n t  o f  the p a r t i c le s .  C o n v e r s e ly ,  on the dow n stream  
s lo p e s  the g rav ity  f o r c e  acts  in the d ir e c t io n  of m ov e m e n t .  T h e r e fo r e  the 
e f fe c t  of g rav ity  is  to d e c r e a s e  the sed im en t  t ra n sp o r t  rate  on the u p stream  
s lo p e s  and in c r e a s e  it on the d ow n strea m  s lo p e s  and thus in c r e a s e  the 
v e lo c i ty  o f  u p stream  m o v e m e n t  o f  the antidunes.
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3 and 4, s h o r t - c r e s t e d ,  t h r e e -d im e n s io n a l  s ta tion ary  w aves  f o r m e d .  
E x a m p les  o f  these w aves  a re  shown in f ig u r e s  4 -1 0  and 4 -1 3 .  W aves 
o f  this f o r m  are  actu a lly  a su p e rp o s it io n  o f  two w a v e s :  a transla tiona l 
w ave in the d ir e c t io n  o f  f lo w  and a standing w ave t r a n s v e r s e  to the 
d ir e c t io n  o f  f low . The c e le r i t y  of the resu lt in g  w ave is  just  equal to the 
f lo w  v e lo c i ty  so  the w ave is  s ta tion ary . The antidunes a ccom p a n y in g  
these  w aves  are  a ls o  th r e e -d im e n s io n a l ,  as shown in f ig u re  4 -1 1 .  The 
c h a r a c t e r i s t i c s  and o c c u r r e n c e  o f  these  w aves  w il l  be d is c u s s e d  in 
se c t io n s  4 - 2  and 4 -3 .
The so lu tion  of this p r o b le m  is  ra th er  lengthy and w il l  not be 
d e v e lo p e d  h e r e .  It is  outlined by L am b (4, p. 440) and a deta iled  t r e a t ­
m ent of the p r o b le m  is  g iven  by Fu ch s  (17). If the width of the channel 
is  b and the s e co n d  m od e  of v ib ra tion  is  e x c ite d  in the t r a n s v e r s e  
d ir e c t io n ,  the c e le r i t y  o f  the w aves  a c c o r d in g  to F u ch s  is
p * StV 1 + Φ2 tanh I i T a  [1 + Φ 2]) ( 2 - 36>
w here
L = wave length in  the d ir e c t io n  o f  f low
b = wave length n o rm a l  to d ir e c t io n  of f low . This  is  a lso
the width o f  the channel i f  the s e co n d  m ode  in the t r a n s ­
v e r s e  d ir e c t io n  is  e x c ite d .
H = d istan ce  to the h o r izo n ta l  bottom . This  is  the d istance
to the v ir tua l bottom  in the c a s e  o f  f low  o v e r  a d e fo rm a b le  
bed.
In s e c t io n  2 -4 ,  it w as shown f r o m  the m in im u m  e n ergy  hypoth es is  that
H = oo f o r  f lo w  o v e r  tw o -d im e n s io n a l  antidunes. It w i l l  be a ssu m ed
that this sam e value of H app lies  to the c a s e  o f  the th r e e -d im e n s io n a l
w a v e s .  This im p l ie s  that the f lo w  w ill  shape the bottom  to c o n fo r m  to
a s trea m  s u r fa ce  o f  a w ave in a flu id  of infinite depth. If the w ave is
2 2to be sta tion ary , c = V  and equation  2 -36  b e c o m e s
p= IifV1 + ( b ) 2 ·  < 2 ~ 3 7 )
Equation 2-37 show s that f o r  a g iven  v e lo c i t y ,  the wave length of a 
th r e e -d im e n s io n a l  w ave is  a lw ays le s s  than that of a tw o -d im e n s io n a l  
w ave.
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2 -8 .  S um m ary
The l in e a r iz e d  potential f lo w  so lu tion  has been  p re se n te d  fo r  
f lo w  o v e r  a f ix e d  s in u so id a l  bed  in w h ich  the bed  and w ater  su r fa ce  are  
in phase . It w as found that such  a f lo w  is  the sam e as the f lo w  above an 
in term ed ia te  s tre a m lin e  of a s ta tion ary  w ave tra in  o v e r  a h or izon ta l  bed 
at depth H. F o r  f lo w  o v e r  a r ig id  w avy bed , the wave length, L, is 
f ix e d  and the depth, H, to the v ir tu a l bottom  depends on the s tream  
v e lo c i ty  a c c o r d in g  to the re la t ion
V 2 = tanh k H  , H d> d. (2 -1 5 )
2π
In the c a s e  o f  f lo w  o v e r  antidunes, H and L are  not f ix e d .  If it is  
h y p oth es ized  that the value o f  L  w h ich  the sy s te m  s e le c t s  is  that 
c o r re s p o n d in g  to the m in im um  e n e rg y  o f  the flu id , then H = co and the 
v e lo c i t y -w a v e  length re la t io n  is
V 2 = . (2 -2 3 )
2π
Thus the f low  o v e r  antidunes m ay  be c o n s id e r e d  as the top part o f  a 
sta tion ary  tra in  of g rav ity  w aves  in a f lu id  of infinite  depth. An u p stream  
m o v e m e n t  o f  the antidunes is  im p lie d  by this so lu tion  i f  the lo c a l  sed im ent 
tra n sp o r t  rate  is  p ro p o r t io n a l  to a p o w e r  o f  the total l o c a l  h or izon ta l  
v e lo c i ty  at the le v e l  of the bed . The s u r fa ce  w aves  b re a k  when their  
height r e a c h e s  the c r i t i c a l  value g iven  by
2Ac = 0. 142 L. (2 -2 5 )
If t h r e e -d im e n s io n a l  s ta tion ary  w aves  and antidunes f o r m ,  their  
w ave length is  l e s s  than that g iven  by the tw o -d im e n s io n a l  so lution  
(equation  2 -2 3 ) .
A P P A R A T U S  AND P R C C E D U R E
C H A P T E R  3
The p r in c ip a l  item s  of apparatus in w hich  the la b o r a to r y  e x p e r i ­
m ents w e re  c a r r ie d  out w e r e  the -±0 - fo o t  and the 6 0 - f o o t  r e c ir c u la t in g  
tilting f lu m e s  lo ca te d  in the Sedim entation  L a b o r a to ry  of C a lifo rn ia  
Institute o f  T e ch n o lo g y .  T h ese  f lu m e s  have been  used  in s e v e r a l  p rev iou s  
sed im entation  studies  ( I ,  18, 19, 20, 21) and only slight m o d if ica t io n s  w ere  
n e c e s s a r y  to adapt them to the c u rre n t  p r o je c t .
The f lu m e s ,  their  appurtenances  and a c c e s s o r i e s ,  and the e x p e r i ­
m ental p ro ce d u r e  w il l  be d e s c r ib e d  and d is c u s s e d  in this ch ap ter . The 
p r o c e d u r e s  used  in the ca lcu la t io n  o f  the e n e rg y  grade  line s lope , depth, 
m ean  v e lo c ity ,  bed sh ear , and bed f r i c t io n  fa c to r  w ill  a lso  be d e s c r ib e d .  
F in a l ly ,  the c h a r a c t e r i s t i c s  of the sands w i l l  be p re se n te d .  S ince  
the ex p er im en ta l  p r o c e d u r e  w as im p ro v e d  during the conduct  o f  the 
r e s e a r c h ,  c e r ta in  o f  the exp er im en ta l  techn iques  are  not the sam e fo r  all 
runs. T h ese  changes  w il l  be pointed  out in a p p rop r ia te  se ct io n s .
3 - 1. The 4 0 - fo o t  R e c ir c u la t in g ,  T ilt ing  F lu m e
The 4 0 - fo o t  tilting f lu m e shown in f ig u re  3-1 was used fo r  Run 
S e r ie s  5 with the 0. 549 m m  sand and fo r  Runs 4 -1  and 4 -2 4  through 
4 - 3 8  with the 0. 233 m m  sand. In the f lu m e , as shown in f igu re  3- 1 ,  the 
w ater f low s  f r o m  le ft  to r ight in the open channel p ortion  of the c i r c u i t  into 
the pump w e ll  at the d ow n strea m  end o f  the channel. The w ater  and 
sed im ent then p ass  through the pump into the re tu rn  pipe w hich  in c ludes  
the venturi m e te r  and h e a te rs ,  then through the tran s it ion  sect ion ,  and 
back  into the f lu m e . The c i r c u i t  is c o m p le te ly  c lo s e d  so the w ater and 
the sed im ent are  con tinuously  r e c i r c u la te d .  The depth o f  f low  is 
regu la ted  by the am ount of w ater in the sys tem  and is only slightly  a ffected  
by sed im ent s to ra g e  in the pump bow l, transition , and re tu rn  pipe.
The open channel p o r t io n  o f  the c i r c u i t  c o n s is t s  o f  two ten-inch  
stru ctu ra l  channels ,  attached to a bottom  plate as shown in se ct io n  A - A  
of f igu re  3- 1 ,  giving inside  width of 10-1/2 -I 1/16 in ch e s .  The inside 
su r fa c e s  of the flum e w e re  in it ia lly  painted with a b itu m astic  paint w hich
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Fig. 3-1 .  Schematic diagram of 40 - foo t  f lume. 27
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was r e p la c e d  after the c o m p le t i o n  o f  Run S e r ie s  5 by an epoxy  res in .
Both f in ishes  gave a h y d r o d y n a m ica l ly  sm ooth  s u r fa c e .  The channel is 
supported  on a r ig id  t r u ss  which  in turn is supported  on a pivot  near  one 
end and on a j a c k  at the o ther .  This a r r a n g e m e n t  p e r m i t s  the s lope of 
the f lum e to be set at any value f r o m  -0 .  001 to 0. 032. The value of the 
s lope  is  read  d i r e c t l y  to the n e a r e s t  0. 00001 f r o m  a v e r n ie r  s ca le  a t ­
tached near  the ja ck .
The w a t e r - s e d i m e n t  m ix tu re  is c i r c u la t e d  by an axial f low  pump 
lo ca ted  at the d o w n stre a m  end of the f lu m e .  The pump is d r ive n  by an 
e l e c t r i c  m o t o r  through a v a r i a b l e - s p e e d  d r ive  o f  the v e e - b e l t  type which  
g ives  a speed  range of 120 rpm  to 1050 rp m .  The m a x im u m  p o s s ib l e  d i s ­
c h a r g e  is about 0. 75 c f s .
A t ransparent  lucite  tube, 50 inches  long with a f o u r - i n c h  inside  
d ia m e te r ,  is l o ca ted  just  u p s tre a m  f r o m  the venturi  m e t e r  in the return  
pipe.  This  p e r m it te d  one to d e te rm in e  if sand was  being d epos i ted  in 
the re turn  pipe and in gen era l  have a better  knowledge  of  the behavior  of  
the l o w e r  part  of  the c i r c u i t .  F o r  e xa m p le ,  in s e v e r a l  runs  using the 
c o a r s e  sand, dep os i t ion  o c c u r r e d  in the re turn  pipe in the f o r m  of 
intermittent  dunes about s ix  in ches  long spa ced  at three to four  fee t  
which  m o v e d  dow n stream  with a v e l o c i t y  of  about f our  ft per  min. In the 
s p a c e s  betw een  the dunes there  was no depos i t ion .  By o b s e r v in g  the 
passag e  of the dunes in the t ransparent  sect ion ,  m a n o m e t e r  readings  
cou ld  be  taken when no dunes w e r e  p r e se n t  in the venturi m e t e r .
P o s i t i o n s  along the f lum e are  r e f e r r e d  to o n e - f o o t  stations  m a r k e d  
off  on the f lum e ,  station z e r o  being 64 inches  f r o m  the u p s tream  end of 
the s tructura l  channels  which  f o r m  the w a l ls .  The window is  f ive  feet  
long and its upstream  end is  at station 23.
The entrance  to the f lum e used in Runs 4-1 and 5-1  through 5 -1 2  
is  shown in f igure  3 -2 .  The upper  e lbow  of  the trans i t ion  has vanes to 
m in im iz e  s e co n d a ry  c u r r e n ts  resu lt ing  f r o m  the turning. In the f lum e,  a 
va r ia b le  angle d i f fu ser ,  shown in f ig u r e  3 -1 ,  was used to introduce  the 
f low  into the f lum e .  In m o s t  runs,  one or  m o r e  8 - m e s h  s c r e e n s  (8 o p e n ­
ings p e r  inch) w e r e  p la ce d  n o r m a l  to the f low  at the outlet f r o m  the d i f fuser  
to b reak  the la r g e  s ca le  turbulence  into s m a l l e r  eddies  w h ich  would be 
dam ped out in a sh or ter  d is tance .  The num ber  of s c r e e n s  was  determ ined
Fig .  3 -3 .  Upstream end of 4 0 - f o o t  
f lum e showing box  inlet  with s luice  
gate and s c reens  . The setup f o r  o b ­
taining sed im ent  s a m p le s  is also  
shown.
Fig .  3 -2 .  Upstream  end of 4 0 - fo o t  f lume 
showing transit ion  and d i f fuser  inlet  used 
in Runs 5-1  through 5 -1 2 .
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by o b s e r v in g  what com bin at ion  gave the leas t  disturbance, to the f low .  The 
e f fe c t  of  such s c r e e n s  in red uc ing  the d istance  r e q u ir e d  to e s tab l ish  
un i form  f low  has been d i s c u s s e d  by B r o o k s  (22).
In runs with high d i s c h a r g e s ,  it was  o b s e r v e d  that at the outlet 
f r o m  the d i f fuser  the bed was  c o m p l e t e l y  s c o u r e d  away f o r  a d istance  of  
about s ix  inches  leaving the bottom of  the f lum e u n c o v e re d .  This  s c o u r e d  
sect ion  was  fo l l o w e d  by a s e c t io n  of about the sam e length w h e re  e x ­
c e s s i v e  dep os i t ion  f o r m e d  a mound of sand w hich  a lways  gave r i s e  to a 
s tationary w ater  w ave .  In an attempt to e l im inate  this condit ion ,  a s i l l ,
30 inches  long and 1-5/8 in ches  thick was  p la ce d  be lo w  the d i f fu se r  outlet 
in Runs 5 - 8  through 5 -1 2 .  This  s i l l  was tap ered  at its u p s tre a m  end and 
was p la c e d  about four  in ches  d o w n stre am  f r o m  the outlet f r o m  the 
d i f fuser .  This  was quite e f fe c t ive  in reduc ing  the s co u r  condit ion  which  
ex is ted  p r e v io u s ly .
Without the s ta t ionary  wave which  always  d is turbed  the f low  at 
the entrance  to the channel,  it b e c a m e  apparent that the f l o w  c o n f i g u r a ­
tion was not unique o v e r  a wide  range  of depth and v e lo c i ty .  If the f low  
was d is turbed  at the entrance ,  antidunes f o r m e d  o v e r  the whole  length 
of  the channel.  If the f low  was  g iven  no d is turbance  at the f lum e  entrance ,  
the bed  and water  s u r fa ce  w e r e  flat e v e r y w h e r e .  This  situation w i l l  be 
d e s c r i b e d  in chapter  4. To  e l im inate  the s ta t ionary  wave which  was 
cau se d  by the d i f fu se r ,  the upper part  of  the trans i t ion  and the d i f fuser  
w e re  r e p la c e d  by the s im p le  b o x  inlet shown in f i g u r e s  3 -3  and 3 -15 .  In 
this inlet,  the f low  e m e r g in g  f r o m  the u p s tream  r i s e r  enters  the channel  
behind a s lu ice  gate w hich  can be adjusted to g ive  the d e s i r e d  depth of 
f low  at the entrance  to the channel.  About two fee t  d ow n stream  f r o m  the 
gate,  s lo ts  are  p ro v id e d  to a c c o m m o d a t e  up to three s c r e e n s .  The un­
steady surging upstream  of  the s lu ice  gate and to a s m a l le r  d e g r e e  below 
it was g re a t ly  r e d u c e d  by w o o d  bo a rd s  which  f loated  on the water  sur face  
on both s ides  of  the gate.  This  inlet  a r ra n g e m e n t ,  while not en t i re ly  
s a t i s fa c to ry ,  was judged  better  f o r  high d i s c h a rg e  runs than the d i f fuser  
inlet.
The outlet f r o m  the f lum e used in Run S e r i e s  5 and Run 4-1  is  
shown in f igure  3 -4 .  The pump, and e l e c t r i c  m o t o r  and v a r i a b l e - s p e e d -  
dr ive  t r a n s m i s s i o n  can  a lso  be seen  in this f igu re .  The outlet c o n s is te d
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Fig .  3 -4 .  D ow nstrea m  end of  4 0 - foo t  f lume 
showing pump wel l  used in Run S e r ie s  5.
Fig .  3 -5 .  D o w n stre a m  end o f  4 0 - foot  
f lum e showing pump wel l  used in Run 
S e r ie s  4.
32
o f  a s im p le  box  w hich  a lso  s e rv e d  as the pump w e ll .  One or  m o r e  8 -m e s h  
s c r e e n s  w e re  usually  p la ce d  ju s t  u pstream  f r o m  the outlet to prevent the 
end o f  the sand bed f r o m  slum ping  in term itten tly  into the pump w ell.
D uring the break ing  of the su r fa ce  w aves  w h ich  f o r m e d  o v e r  anti-  
dunes, c o n s id e r a b le  s to ra g e  o f  w ater  o c c u r r e d  in the channel due to the 
m o m e n ta ry  u pstream  m o v e m e n t  o f  a segm en t o f  the f lo w  at each  break . 
Th is  re su lte d  in a lo w e r in g  o f  the w ater  le v e l  in the pum p w ell  and a 
c o r re s p o n d in g  t e m p o r a r y  d ro p  in the d is c h a r g e .  In the runs with the 
c o a r s e  sand (Run S e r ie s  5) the am plitudes  of the s u r g e s  in the pump w ell  
w e re  a lw ays le s s  than about s ix  in ch es  and re su lte d  in  d is c h a rg e  su rges  
w h ich  cou ld  not be d e tected  with the ven tu ri m e te r .  H o w e v e r ,  the runs 
with the fine sand (Runs 4 -2 4  to 4 -3  8) had wave break ing  w hich  was m o r e  
s e v e r e  and exten s ive  o v e r  the length o f  the f lu m e  and re su lte d  in surging  
w h ich  c o m p le te ly  d ra in ed  the pum p w ell ,  cau s in g  s e v e r e  d is ch a rg e  surges  
and a ir  entra inm ent. T o  re d u ce  this  surg ing  to to le r a b le  p ro p o r t io n s  the 
la r g e r  outlet shown in f ig u re  3 -5  w a s  used  f o r  Run 4 -2 4  and all s u b s e ­
quent runs in the 4 0 - fo o t  f lu m e .  T h is  outlet has a plan a r e a  o f  6. 25 
square  fee t  c o m p a r e d  to an a rea  o f  I. 22 square fe e t  f o r  the outlet w hich  it 
r e p la ce d .  The su rge  in the e n la rg e d  outlet w as a lw ays l e s s  than fou r  
in ch e s .
3 -2 .  The 6 0 - fo o t  R e c ir cu la t in g  T ilt ing  F lu m e
Runs 4 -3 ,  4 -6 ,  4 -7  and 4 -1 0  through 4 -2 3  w e r e  conducted  in the 
6 0 - foo t  f lum e shown in f ig u re  3 -6 .  A  deta iled  d e s c r ip t io n  o f  this f lum e 
has been given  p r e v io u s ly  by Vanoni and B r o o k s  ( I ) .  The d eta ils  of the 
f lum e c r o s s  s e c t io n  are  shown in f ig u re  3 -6b .  Th is  f lu m e  is  s im i la r  to 
the 4 0 - fo o t  f lu m e , the w ater  and sed im en t  being con tin u ou s ly  r e c ir c u la te d  
in a c l o s e d  sy s te m . The s lo p e ,  w hich  cou ld  be set at any value f r o m  0 to 
0. 017, w as d e te rm in e d  by a m ic r o m e t e r  s ca le  w h ich  is  m ounted  on one of 
the ja c k  le a d -s c r e w s .  The in s id e  o f  the channel is  painted with an ep oxy  
r e s in  s im i la r  to  that used  in the 4 0 - fo o t  f lu m e ,  but g iv ing a v e r y  s lightly  
rough er  s u r fa ce .  H o w e v e r ,  the s u r fa ce  w ould  s t i l l  be c la s s e d  as 
h y d ra u lica l ly  sm ooth . The d is c h a rg e  range  o f  the pump is  0. 50 to 5. 75 
c fs .
The en trance  to the 6 0 - fo o t  f lu m e  is  through an ad justable  d i f fu ser
(a) E levat ion
(b) C r o s s  sect ion  of f lume
Fig. 3 -6 .  Schematic diagram of 60 - foot  f lume.
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s im i la r  to that which  was  used  in it ia l ly  on the 40 - fo o t  f lum e·  F ig u r e  3-7  
shows the upstream  end of the f lum e,  part  of  the transit ion ,  and the 
d i f fuser  with two 8 - m e s h  s c r e e n s  in p lace .  The o b je c t i o n s  ra ise d  
against  the d i f fu se r  entrance  on the 4 0 - fo o t  f lum e apply to the 6 0 - f o o t  
f lum e a lso ,  but it was im p r a c t i c a l  to change the entrance  s truc ture  on the 
latter .  V a r io u s  com bin at ion s  of  one to three 4 - m e s h  a n d / o r  8 - m e s h  
s c r e e n s  w e r e  p la ce d  im m e d ia t e ly  d o w n stre am  f r o m  the d i f fuser  outlet, 
the com bin at ion  s e l e c t e d  being that which  in troduced  the f low  with the 
m in im um  amount of bed and w ater  s u r fa c e  d is turbance .
The d o w n stre am  exit  shown in f igure  3 -8  c o n s i s t s  of  a tank which 
a lso  s e r v e s  as the pump wel l .  The tank is 48 inches  by 33. 5 inches  in 
plan giv ing a rat io  of  f lum e s u r fa ce  a r e a  to outlet s u r fa ce  a r e a  of 14. 5 
c o m p a r e d  with 28. 7 and 5. 60 f o r  the s m a l l  and la r g e  out lets  r e s p e c t i v e l y  
used  on the 4 0 - fo o t  f lu m e .  Its p e r f o r m a n c e  was  c o n s i d e r e d  as i n t e r ­
m ed ia te  between those of  the two outlets  f o r  the 4 0 - foo t  f lum e.  With 
r ad ica l  b reak ing  o c c u r r i n g  in the f lu m e ,  the surge  in the outlet was quite 
s m a l l  in all runs except  4 - 6 ,  4 -7  and 4 - 1 6  and even in these runs it was 
l e s s  than one foot .  Thus it appears  that the rat io  of  f lum e area  to outlet 
a rea  should be c o n s i d e r e d  in the d e s ig n  of f lu m e s  fo r  ex p e r im e n ts  of  this 
type.
A s  with the 4 0 - foo t  f lu m e ,  one or two 8 - m e s h  s c r e e n s  w e re  
p laced  in the f lum e at the d o w n stre a m  end to hold the end of  the sand 
bed  f r o m  slumping into the pump w e l l  and, to s o m e  extent,  to i s o la te  the 
f lum e f r o m  d is tu rba n ce s  in the pump w el l .
P o s i t i o n s  along the f lum e  are  r e f e r r e d  to o n e - f o o t  stations w hich  
are  m a r k e d  along the f lum e .  Station z e r o  is at the d o w n stre am  end of 
the d i f fu ser .  The window is 20 f ee t  long with its u p s tream  end at station 
27.
3 -3 .  E x p e r i m e n t a l P r o c e d u r e
The e xp e r im e n ta l  p r o c e d u r e  fo l l o w e d  in the conduct  of  a run w il l  
now be d e s c r i b e d  in gen era l  to give a broad ,  o v e r a l l  p ic ture  of  the 
la b o r a t o r y  technique.  The individual m e a s u r e m e n t s ,  sam pl ing  p r o c e d u r e s  
and other  op erat ions  wil l  then be fu l ly  d e s c r ib e d .
Initially,  the depth and v e lo c i t y  d e s i r e d  f o r  the run w e r e  se le c ted ,
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Fig .  3 -7 .  Upstream  end of 6 0 - f o o t  f lum e 
showing d i f fuser  inlet and s c r e e n s .
F ig .  3 -8 .  G e n e ra l  v iew  of  downstream  
end of  6 0 - foo t  f lum e.
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the re q u ire d  d is ch a rg e  was ca lcu la ted ,  and the r e q u ire d  s lope  was 
es t im ated . With the f lum e s lope  set at z e r o ,  the am ount of w ater in the 
f lum e w as ad justed  to g ive a w ater  su r fa ce  e leva t ion  w hich  w as es t im ated  
to y ie ld  the d e s ir e d  depth f o r  the d is c h a rg e  r e q u ire d .  The flum e s lope  
was then set at the es t im a ted  value and the pum p was started . The pump 
speed  w as ad justed  until the d e s ir e d  d is ch a rg e  w as obtained and then, 
a fter  a p e r io d  long enough to a llow  the f lo w  to r e a c h  eq u il ib r iu m , the 
w ater  s u r fa ce  s lope  was d e te rm in e d  f r o m  the m a n o m e te r  b o a rd  w hich  was 
co n n e cte d  to s e v e r a l  p ie z o m e t e r  taps p la ce d  in the f lu m e .  The f lu m e 
s lope  w as ad justed  to m atch  the w ater  s u r fa ce  s lo p e ,  and a fter  another 
p e r io d  during w h ich  the f low  ad justed  to the new flu m e s lo p e ,  the w ater 
su r fa ce  s lope  w as again d e te rm in e d  f r o m  the m a n o m e te r  b oa rd  and the 
f lu m e s lope  w as again r e s e t  as r e q u ire d .  This p r o c e s s  was continued 
until the a g re e m e n t  betw een  the f lu m e  s lop e  and the w ater  su r fa ce  s lope  
d e te rm in e d  f r o m  the m a n o m e te r  b oa rd  w as w ithin a few  p e rce n t .  D u r ­
ing this ad justm ent, the d is c h a rg e  w as ch e ck e d  freq u en t ly  and the pump 
sp eed  w as ad justed  to  m ainta in  the d e s i r e d  d is c h a rg e .
When the f lu m e  s lope  had obtained the final ad justm ent, the w ater  
s u r fa ce  e leva tion , d is c h a rg e ,  w ater  su r fa ce  s lope ,  te m p e ra tu re ,  and 
wave p a r a m e te r s  w e re  m e a s u re d .  The pump w as then stopped , the 
f lu m e s lope  set at z e r o ,  and the w ater  le v e l  w as again  d e te rm in e d  to 
check  on w ater l o s s e s  during the run. The bed  was le v e le d  and the bed 
e le v a t io n  m e a s u re d .  This c o m p le te d  the f i r s t  p r e l im in a r y  phase o f  the 
run.
The data c o l l e c t e d  f r o m  the p r e l im in a r y  phase w e re  analyzed  to 
d e term in e  what the depth had been. On the b a s is  o f  this ana lys is  the 
water le v e l  in the f lum e w as then ad justed  to g ive  the d e s ir e d  depth and 
another p r e l im in a r y  phase w as p e r fo r m e d  fo l lo w in g  the sam e p r o ce d u r e .
When a depth w as obta ined  w h ich  w as within 0 .0 1 0  ft of the d e s ir e d  
va lue, the w ater  le v e l  in the f lu m e w as g iven  a final ad justm ent and the 
final phase of the run w as con d u cted . The fina l phase fo l lo w e d  the sam e 
p roced u re  as the p r e l im in a r y  phases  e x ce p t  that to ta l-loa d  sed im ent 
s a m p le s  and stil l  and m ot ion  p ic tu re s  w e re  taken. In s e v e r a l  runs, 
de ta iled  bed p r o f i le s  w e re  taken b e fo r e  the bed  w as le v e le d .
The techn iques  used  in m e a su r in g  the v a r io u s  quantities during the
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la b o r a to r y  e x p e r im e n ts  d i f fe r e d  v e r y  litt le  betw een the two f lu m e s .  The 
m ethods  and equ ipm ent used  with the two d if fe ren t  f lu m e s  w il l  be 
d e s c r ib e d  and d is c u s s e d  in the fo l lo w in g  s e c t io n s .
3 -4 .  T e m p e ra tu re  C on tro l
In the 4 0 - fo o t  f lu m e ,  te m p e ra tu re  c o n tr o l  w as a ch iev ed  by four  
1000-w att im m e r s io n  h ea ters  w hich  a re  lo c a te d  in the re tu rn  pipe near 
the u pstream  end of the f lu m e ,  as shown in f ig u re  3 -1 .  T h re e  o f  the 
h ea ters  w e r e  w ire d  so  that e ither  110 vo lts  o r  220 vo lts  cou ld  be i m ­
p r e s s e d  a c r o s s  them  to g ive  an output o f  250 watts or  1000 watts. This 
a rra n g em en t  a llow ed  p o w e r  inputs in 250 watt in c r e m e n ts  up to 2500 watts 
and additional inputs o f  3000, 3250 and 4000 w atts. It w as found that due 
to the la rg e  th erm a l in e r t ia  o f  the sy s te m , the d e s ir e d  tem p era tu re  cou ld  
be m aintained  within + 0 .5 ° C  by ch eck in g  the te m p e ra tu re  e v e r y  30 
m inutes  and ra is in g  o r  lo w e r in g  the p ow er  input as r e q u ire d .  A w ater 
tem p era tu re  of 25°C  w as intended f o r  all runs. H ow ev er ,  there  w as no 
w ay to c o o l  the w ater  so the w ater  te m p e ra tu re  r o s e  above 25°C  in m o s t  
runs c a r r i e d  out during the s u m m e r  m onths.
On the 6 0 - fo o t  f lu m e ,  no m eans w as p ro v id e d  fo r  tem p era tu re  
c o n t r o l .  H ow ev er ,  m o s t  o f  the e x p e r im e n ts  c a r r ie d  out in this f lum e 
w e re  done during s u m m e r  m onths and the w ater  te m p e ra tu re  was usually  
s ligh tly  above  25°C  as m en tion ed  above .
The te m p e ra tu re  w as m e a s u r e d  about e v e r y  30 m inutes  with an 
im m e r s io n  th e r m o m e te r  having 0. 1°C  d iv is io n s .  The a v e ra g e  o f  the 
tem p era tu re  rea d in gs  during the t im e  data w e re  being taken w as used as 
the te m p e ra tu re  f o r  the run.
3 -  5. D is ch a rg e  M e a su re m e n ts
A venturi m e te r  in sta lled  in the re tu rn  pipe of each  flum e was 
used  to m e a s u r e  the d is c h a rg e  in the c i r c u i t .  In the 4 0 - f o o t  f lu m e ,  a
4 -  by 3 - in ch  venturi m e te r  was in s ta lled  betw een  the tran sparen t  tube 
and the heater  se c t io n  as shown in  f ig u re  3 -1 , and in the 6 0 - fo o t  f lu m e, 
an 8 -  by 5 - in ch  venturi m e te r  w as p la ce d  just  ahead o f  the tran s it ion  
se ct io n .  Both of these m e t e r s  w e r e  ca l ib r a te d  fo r  c le a r  w ater in the 
H ydrau lic  M a ch in ery  L a b o r a to ry  of C a l i fo r n ia  Institute o f  T e ch n o lo g y  in
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1956. The c a l ib ra t io n  w as a ccu ra te  to 0. I p e rce n t .
In all runs in the 4 0 - fo o t  f lum e and a ll but two runs in the 6 0 - fo o t  
f lu m e , the d i f fe re n t ia l  head a c r o s s  the venturi m e te r  w as m e a s u r e d  with
an a i r -w a t e r  d i f fe re n t ia l  m a n o m e te r  w h ich  cou ld  be  re a d  to the n e a re s t  
0 .001  ft. In two runs in the 6 0 - fo o t  f lu m e the d i f fe re n t ia l  heads e x ce e d e d  
the height o f  the w ater  m a n o m e te r  and a m e r c u r y -w a t e r  d ifferen tia l  
m a n o m e te r  was used  w hich  a ls o  had a le a s t  read ing  o f  0. 001 ft .  No 
c o r r e c t i o n  w as m ade f o r  the sand content o f  the w ater .
The use o f  a venturi m e te r  in m e a su r in g  the d is c h a r g e  of m ix tu res  
o f  w ater  and sed im en t  has been  thorough ly  d is c u s s e d  by B r o o k s  (22). He 
co n c lu d e d  that d is c h a rg e  d e term in a tion s  m ade w ith this apparatus are  
a ccu ra te  to within one p e rce n t .  H ow ev er ,  m any  o f  the c u r re n t  runs had 
d is ch a rg e  s u r g e s ,  w hich  w e r e  d e s c r ib e d  in s e c t io n  3 -1 ,  and a c c o m p a ­
nying su rg e s  in the m a n o m e te r  read in g . When this w as en cou n tered , the 
v a lv e s  in the m a n o m e te r  lines  w e re  p a rt ia lly  c l o s e d  to r e d u ce  the 
m agnitude o f  the su rges  in the m a n o m e te r .  Then no m a n o m e te r  r e a d ­
ings w e re  taken during the su rg e s  o r  a fte rw a rd s  until the m a n o m e te r  had 
rega in ed  its e qu il ib r iu m  p o s it io n .  At le a s t  f ive  and usually  ten o r  m o r e  
such  read ings  w e re  taken during e a ch  run. The read ings  thus obtained 
d i f fe r e d  by l e s s  than fo u r  p e r ce n t  in  even  the runs w ith ra d ica l  wave 
break in g , ind icating  a d is c h a rg e  va r ia t io n  of l e s s  than two p e rce n t  s in ce  
the d is c h a rg e  v a r ie s  as the square  ro o t  o f  the head. T w o p e rce n t  
ap p ears  to be a r e a so n a b le  e s t im a te  of the a c c u r a c y  o f  the d is ch a rg e  
m e a s u r e m e n ts .
3 -6 .  M ovab le  C a r r ia g e s
E a ch  flu m e w as equipped with a c a r r ia g e  w h ich  co u ld  be m o v e d  on 
r a i ls  along the length of the f lu m e  f r o m  station  0 to station  34 on the 
4 0 - fo o t  f lu m e and f r o m  station  0 to station  55 on the 6 0 - fo o t  f lum e (se e  
f ig u r e s  3 -1  and 3 -6 ) .  The c a r r ia g e  f o r  the 6 0 - fo o t  f lu m e is  shown in 
f ig u re  3 -9  and is  v e r y  s im i la r  to the c a r r ia g e  f o r  the 4 0 - fo o t  f lu m e . The 
m ov in g  m e ch a n is m  on e a ch  c a r r ia g e  has both t r a n s v e r s e  and v e r t ic a l  
m otion s  and both m otion s  have v e r n ie r  s c a le s  s o  that a point gauge 
m ounted  on the c a r r ia g e  can  be m o v e d  to obtain  the lo c a t io n  o f  a point 
any p la ce  within the f lu m e  to the n e a r e s t  0 .0 0 1  ft. F o r  co n v e n ie n ce ,  the
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F ig .  3 -9 .  I n s t r u m e n t c a r r i a g e  
and point gauge f o r  6 0 - fo o t  f lum e.
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v e r t i c a l  s c a le s  of both c a r r ia g e s  w e re  ad justed  to read  z e r o  (j^O. 002 ft) 
when the point gauge w as re s t in g  on the f l o o r  of the f lu m e .
The setting o f  the f lu m e  s lope  s ca le  and the e leva t ion s  of the 
c a r r ia g e  r a i ls  w e re  ad justed  using a static  w ater  s u r fa ce  with the f lum e 
h or izon ta l  to g ive  an inherent a c c u r a c y  of the point gauge of -I 0 .001  ft.
The deta ils  o f  this p r o c e d u r e  have been  d e s c r ib e d  by B r o o k s  (22).
3 -7 .  D eterm in a t ion  o f  W ater S u r face  E levation  and W ater S u rface  Slope
In o r d e r  to d e te rm in e  the depth of f lo w , m ean  v e lo c i ty ,  and e l e v a ­
tion o f  the e n e rg y  grad ien t, it w as n e c e s s a r y  to know the e leva tion  o f  the 
w ater  s u r fa ce  re la t iv e  to the c a r r ia g e  r a i ls .  The v e r y  unsteady su r fa ce  
w aves  w hich  f o r m e d  m ade  this e leva tion  the m o s t  d if f icu lt  quantity to 
m e a s u r e .  E x cep t  f o r  runs in w h ich  the bed  and w ater  su r fa ce  w e re  flat , 
the point gauge cou ld  not be used  b e ca u se  it w as too  s low  to m e a su re  
e levations on the unsteady s u r fa c e  w aves .
The technique f in a l ly  adopted  f o r  m e a s u r in g  the s u r fa ce  e leva tion  
in v o lved  the m a n o m e te r  b oa rd , shown in f igu re  3 -1 0 ,  co n n e cte d  to 
p ie z o m e te r  taps p la ce d  in the f lu m e at in terva ls  of f ive  fe e t .  The m a x i ­
m um  and m in im um  e leva tion s  re a ch e d  by the w ater  s u r fa ce  in each  m a n o ­
m e te r  tube w e re  r e c o r d e d  on the g la ss  s ca le  of the m a n o m e te r  board .
The a v era ge  of these v a lu es ,  tran s la ted  into an e leva tion  on the point 
gauge s ca le  of the m ov a b le  c a r r ia g e ,  w as taken as the e leva tion  o f  the 
w ater  s u r fa ce  re la t iv e  to the c a r r ia g e  r a i ls  f o r  the station c o r re s p o n d in g  
to the tube. The m a n o m e te r  board , p ie z o m e te r  taps, and p r o ce d u r e  used 
w il l  now be d e s c r ib e d .
The m a n o m e te r  b o a rd  s ca le  is  p r in ted  on a plate o f  g la ss  w hich  is 
m ounted  in fron t  o f  the tubes. The s ca le  has 0. 01 ft d iv is io n s  and can be 
in terp o la ted  to 0. 001 ft. The tubes have in terna l d ia m e te rs  of 12 m m  
w hich  is  la rg e  enough to e l im in ate  c a p i l la r y  e f fe c t s .  The stra ightedge  
shown d iagon a lly  a c r o s s  the s c a le  in f ig u re  3 -1 0  is  attached to a beve l  
p r o tr a c to r  w h ich  in turn is m ounted on a b r a c k e t  that t ra v e ls  v e r t ic a l ly  
on the shaft attached to the le ft  s ide of the b ea rd . With this a rran gem en t,  
the s tra ightedge  can  be m o v e d  to any e le v a t io n  and a ligned  with the tops 
of the w ater  co lu m n s  in the tubes or  r e fe r e n c e  m ark s  p la ce d  on the 
g la ss  s c a le .  The angle betw een  the stra ightedge  and the h or izon ta l  can
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Fig .  3 -10 .  M an o m e te r  board .
Fig .  3 -11 .  P i e z o m e t e r  tap insta l led  in 6 0 - f o o t  
f lum e.  (The sand has been r e m o v e d  to make 
the tap v i s i b l e .)
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then be read  on the p r o t r a c t o r  and tran sla ted  into a s lope  o f  the w ater  
s u r fa c e .  This fea tu re  w as e x t r e m e ly  usefu l in adjusting the s lope  o f  the 
f lum e to that o f  the w ater  s u r fa ce  during the e a r ly  stages  o f  a run when 
e qu il ib r iu m  s lope  w as be ing  sought. It a ls o  gave a value..of the w ater  
su r fa ce  s lop e  w h ich  in s o m e  runs with v e r y  high F ro u d e  num bers  was 
used  in ca lcu la t in g  the s lop e  o f  the e n e rg y  grad ient.
A p ie z o m e te r  tap in s ta lled  in  the 6 0 - fo o t  f lum e is  shown in f igu re  
3 -1 1 .  The sam e arra n g em en t  was used  in the 4 0 - fo o t  f lu m e .  The taps 
a re  m ade o f  3 / l6 - in c h  c o p p e r  tubing w hich  extends n e a r ly  a c r o s s  the 
width o f  the f lu m e .  One end is  p inched  to sea l it and the other end is 
attached to a fitting w h ich  lead s  through the bottom  of the f lu m e  to p lastic  
tubing running to the m a n o m e te r  b oa rd . At tw o - in c h  in te rv a ls ,  three 
h o le s ,  about l /6 4 - in c h  in d ia m e te r ,  w e r e  d r i l le d  through the co p p e r  tubing 
at 120° sp a c in gs  around the tube. T o  keep  sand f r o m  entering  the l in es ,  
the c o p p e r  tubes a re  w rapped  w ith th ree  o r  fo u r  la y e rs  o f  co tton  c lo th  
w hich is  s e c u r e d  with tw ine. The stations at w h ich  m a n o m e te r  taps w e re  
in sta lled  are  r e f e r r e d  to as com pu ta tion  sta tion s .
The m a n o m e te r  tubes on the b oa rd  a re  sp a ced  two in ch es  apart 
while the p ie z o m e t e r  taps in both f lu m e s  are  at in terva ls  of f iv e  fe e t .
The tangent of the angle re a d  f r o m  the b ev e l  p r o t r a c t o r  is thus g re a te r  
than the s lop e  o f  the w ater s u r fa ce  in the flum e by a fa c to r  o f  thirty  and 
even  r e la t iv e ly  sm a ll  w ater  s u r fa ce  s lo p e s  in the f lu m e  have angles on 
the m a n o m e te r  b o a rd  w h ich  can be read  a c c u r a te ly .  The b e v e l  p r o tr a c to r  
is  equipped with a v e r n ie r  w hich  ca n  be read  to f ive  m inutes  of a r c .  If 
the w ater  s u r fa ce  s lope  is  0 .0 1 ,  an e r r o r  of f ive  m inutes  in read ing  the 
p r o t r a c t o r  c o r r e s p o n d s  to  an e r r o r  o f  l e s s  than one p e r ce n t  w hich is m uch  
s m a l le r  than the l im ita t ion  in a c c u r a c y  brought about by the unstead iness  
o f  the w ater su r fa c e .
It w as found d e s ir a b le  to have about the sam e am ount o f  dam ping 
in all l ines  running f r o m  the p ie z o m e te r  taps to the m a n o m e te r  board .
The lo n g e r  p la s t ic  tubes leading to the m o r e  distant p ie z o m e te r  taps had 
m o r e  inherent dam ping due to their  v e r y  length . T o  co m p e n sa te  fo r  this, 
p inch  c la m p s  w e r e  p la ce d  on the sh o r te r  l in es  and ad justed  so that a ll 
l ines  had about the sam e attenuating e f fe c t  on changes  of w ater su r fa ce  
e leva tion . The ad justm ent of the p inch  c la m p s  depended  on the e x p e r ie n c e
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of the o p e ra to r  who had to judge  w hich  tubes re sp o n d e d  to o  qu ick ly  
o r  too  s low ly ,  but it w as not found d if f icu lt  to ad just the c la m p s  so  
that a ll tubes behaved  s im i la r ly .
W hile the run w as in p r o g r e s s ,  the m ax im u m  and the. m in im um  
e leva tion  re a ch e d  by the w ater  in each  m a n o m e te r  tube w e r e  m ark ed  
on the g la ss  s ca le  with a g r e a s e  p e n c i l .  A  new m a rk  was m ade  each  
t im e  the w ater  e leva tion  in a tube r o s e  above the o ld  m a x im u m  or  fe l l  
b e low  the o ld  m in im u m . Th is  p r o c e s s  w as continued  f o r  s e v e r a l  m inutes 
until the w ater  le v e l  in each  tube t ra v e le d  only betw een  the le v e ls  o f  the 
outs ide  m a r k s  thus es ta b lish e d .  T h ese  e leva tion s  w e re  r e c o r d e d  and 
a v e ra g e d  f o r  ea ch  tube. The s lo p e s  o f  the l in e s  of m a x im u m  and m in i ­
m um  e leva t ion s  w e r e  d e te rm in e d  with the stra ightedge  and b ev e l  p r o ­
t r a c to r .  T h ese  two s lo p e s  a g re e d  to within a few  p e r ce n t  in  p r a c t ic a l ly  
all c a s e s .  In runs f o r  w h ich  the f luctuation  o f  e leva t ion  was le s s  than 
about 0 .0 3  ft, a la rg e  num ber of instantaneous e leva tion s  and s lo p e s  
w e re  r e c o r d e d  and a vera ged .
The g la ss  was then w iped  c lea n  and the p r o c e s s  w as repeated .
At le a s t  th ree ,  and usually  f ive  o r  m o r e  such  d e term in a tion s  spa ced  
o v e r  an in terva l  o f  about two hours  w e re  m ade fo r  each  run. The avera ge  
o f  a ll such  s u r fa c e  e leva tion s  fo r  ea ch  com pu ta tion  station  was then 
tran s la ted  into a c a r r ia g e  point gauge e leva tion  by a s im p le  com putationa l 
p r o c e d u r e  in vo lv ing  the s lope  of the f lu m e , the d is ta n ce s  betw een  the 
com pu ta tion  stations and the point at w h ich  the f lu m e is  p ivoted , and 
the z e r o  c o r r e c t i o n  betw een  the m a n o m e te r  b o a rd  and point gauge s c a le s .  
This  a v e ra g e  value w as taken as the e leva tion  o f  the w ater  s u r fa c e .
The e leva tion s  of the w ater  s u r fa ce  at any com pu ta tion  station 
g iven  by the individual d e term in a tion s  se ld o m  d i f fe r e d  f r o m  the avera ge  
o f  all e leva tion s  f o r  that station  by m o r e  than 0 . 0 1 2  ft. U sually  the 
a g re e m e n t  w as within 0. 006 ft and it is  b e l ie v e d  that the a v era ge  of 
all read in gs  f o r  e a ch  tube is  a c c u ra te  to +_ 0. 004 ft f o r  a ll runs with 
m ax im u m  w ave heights l e s s  than half the depth, and to +_ 0. 006 ft f o r  
runs w ith high w aves  and act ive  break in g . The individual s lo p e s  
m e a s u r e d  f r o m  the m a n o m e te r  b o a rd  a g re e d  with the a v era ge  o f  all 
d e term in a tion s  to within f iv e  p e r ce n t .  F u rth e r ,  this d e g r e e  o f  a c c u r a c y  
cou ld  be a ch iev ed  betw een  d e term in a tion s  m ade by d i f fe re n t  p eop le  and was
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th e r e fo r e  not su b jec t  to p e rso n a l  fa c t o r s  in lo ca t in g  the s tra ightedge .
3 -8 .  M ea su rem en t  o f  Bed E leva tion
To obtain a bed p ro f i le  along the length of the f lu m e ,  it was 
n e c e s s a r y  to stop the pum p. With w ater  in the f lu m e ,  the bed w as then 
le v e le d  w ith an ad justable  s c r a p e r  in s e c t io n s  w h ich  w e re  f iv e  fe e t  long 
and c e n te re d  on the m a n o m e te r  taps. The s c r a p e r  fo r  the 6 0 - fo o t  f lu m e 
is  shown in f ig u re  3-12 and is  quite s im ila r  to the one used  in the 4 0 -  
fo o t  f lu m e . The s c r a p e r  was p a s se d  back  and fo r th  o v e r  the sect ion ,  
the blade e leva tion  being adjusted  as re q u ire d ,  until all the sand in this 
s e c t io n  w as re d is tr ib u te d  to g ive  a flat  su r fa c e .  The e leva t ion  of this 
s u r fa ce  at the ce n te r l in e  o f  the f lu m e  w as then d e te rm in e d  with the 
point gauge. T h is  e leva tion  was taken as the bed  e leva tion . The 
e leva tion  of the bed  cou ld  be m e a s u r e d  to the n e a re s t  0. 001 ft by i l lu m i ­
nating the f lu m e  f r o m  above with a p hotograph ic  f lo o d  light and then 
lo w e r in g  the point gauge until it ju s t  touched  its shadow on the bed.
If antidunes w e r e  p r e se n t  on the bed when it w as le v e le d ,  they 
usua lly  a f fe c te d  the e leva tion  o f  each  se c t io n .  U nless an in tegra l 
num ber o f  antidunes happened to be included  in a f i v e - f o o t  s e ct ion ,  a 
fra c t io n a l  part of an antidune w as inc luded  in that se c t io n .  If this 
segm en t happened to be f r o m  a c r e s t  o f  an antidune, the m e a s u r e d  e l e ­
vation  of the le v e le d  bed  se c t io n  w as too  high, and c o n v e r s e ly  i f  the 
segm en t happened to be f r o m  a trough  o f  an antidune. T o  m in im iz e  
this e f fe c t ,  the pump w as s topped  when the bed  w as r e la t iv e ly  f la t .  In 
runs w ith m u ch  w ave act iv ity ,  it was not a lw ays p o s s ib le  to find  a tim e 
when antidunes d idn 't  ex is t  s o m e w h e re  along the f lu m e .
3 -9 .  C om putation  of Depth, M ean V e lo c i ty  and Slope o f  the E n ergy  
G radient
As w as d e s c r ib e d  in se c t io n s  3 -7  and 3 -8  o f  this ch a p ter ,  the 
e leva tion s  of the w ater  s u r fa c e  and the bed w e re  both f in a lly  obtained  as 
e leva tion s  on the c a r r ia g e  point gauge s c a le .  Thus the c a r r ia g e  ra i ls  
a re  the datum to w h ich  a ll  subsequent e leva t ion s  a re  r e fe r r e d .  The 
depth at ea ch  station  is  then the d i f fe r e n c e  betw een  the e le v a t io n  o f  the
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Fig .  3 -12 .  B e d - l e v e l er  f o r  6 0 - f o o t  
f lum e.
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w ater  s u r fa ce  and the e leva tion  o f  the sand bed  at that station . The 
m ean  v e lo c i ty  at a station  is  the d is ch a rg e  d iv ided  by the a re a  based  
on the depth at that station . The e leva t ion  of the e n e rg y  grade  line at 
ea ch  station is  g iven  by
e = y  + a· J g  t3 " 1)
w here
e = e leva t ion  o f  the e n e rg y  grad ient on the point gauge s ca le  
y = e leva t ion  o f  w ater  s u r fa ce  on point gauge s ca le  
a = C o r io l i s  c o e f f i c ie n t .
The C o r io l i s  c o e f f i c ie n t  w as taken as unity in  th ese  e x p e r im e n ts  s in ce  
a s m a ll  e r r o r  in a has a v e r y  s m a ll  e f fe c t  on e.
With the w ater s u r fa ce  e leva tion , bed  e leva tion , depth, v e lo c ity ,  
and e n e rg y  grad ien t e leva t ion  known fo r  ea ch  com pu ta tion  station, the 
p r o b le m  rem ain in g  is  the d e term in a tion  o f  the m ean  depth, m ean  
v e lo c i ty  and s lop e  of the e n e rg y  grade  line f o r  the r e a c h  o f  equ ilib r iu m  
f low . T o  this end, a graph  like  that shown in f ig u re  3-13 was m ade f o r  
ea ch  p r e l im in a r y  and each  final run. In this su m m a ry  graph  the e leva tion  
of the sand bed, w ater  s u r fa c e ,  e n ergy  grad ien t  and the depth are  p lotted  
f o r  each  com pu ta tion  station . An exa m p le  o f  a su m m a ry  graph  is  given  
fo r  Run 4 -2 2 .  Th is  w as a run in the 6 0 - fo o t  f lu m e w hich  had w ell  
d e v e lo p e d  antidunes and freq u en tly  break in g  sta tion ary  w aves  o v e r  the 
entire  length  o f  the f lu m e .  The graph  shown in f igu re  3-13 would be 
d e s c r ib e d  as a v e ra g e  w ith r e s p e c t  to s ca tte r  of the p o in ts .  As the 
v e lo c i ty  in c r e a s e d  and the am plitude o f  the w aves  and fre q u e n c y  o f  wave 
break ing  in c r e a s e d ,  the s ca tte r  o f  a ll  po in ts ,  and p a r t icu la r ly  that o f  the 
e n e rg y  grad ien t p o in ts ,  a lso  in c r e a s e d .  This  p r o b le m  w il l  be d is c u s s e d  
be low .
In sp ect ion  o f  the su m m a ry  graph f i r s t  show ed w h ich  stations 
w e re  under the in fluence  o f  the f lu m e  en tran ce  or  exit  and should be 
exc lu d ed  in d e term in in g  the f lo w  p a r a m e te r s .  In Run 4 -2 2 ,  the in itia l 
d rop  in the w ater  s u r fa ce  e leva tion  in d ica tes  that stations 4 and 9 should 
not be included . S im ila r ly ,  the r i s e  o f  the w ater  s u r fa ce  at station 54 
in d ica tes  that it is  under the in flu en ce  of the f lum e ex it  and it is  not 
in c lud ed . Thus, f o r  Run 4 -2 2 ,  stations 14 through 49 a re  s e le c te d  as
F ig .  3 -1 3 .  T y p ica l  su m m a ry  graph showing m e a su r e d  bed and w ater  su r fa ce  e levat ion s , and com puted  
depths and en erg y  grade  line e levat ions  f o r  a run with a c t ive ly  breaking w aves  (6 0 - fo o t  f lum e). 47
those  to be used in com pu tin g  the depth, v e lo c i ty ,  and s lo p e .  In m o st  
runs, the f i r s t  two stations w e re  not used , and in s o m e  high F rou d e  
n um ber runs, as m any as fou r  stations w e re  exc lu d ed . N ever  m o r e  
than two stations at the d ow n stream  end w e r e  exc lu d ed  and often  no 
stations ap p eared  to be in fluenced  by the ex it .  The stations rem ain ing  
constitu te  the com pu ta tion  s e c t io n  f o r  the run.
The re la t iv e  s lo p e s  (s lo p e  with r e s p e c t  to the c a r r ia g e  r a i ls )  
o f  the sand bed , w ater  s u r fa c e ,  and e n e rg y  grad e  line in the com pu tation  
s e c t io n  w e r e  then d e te rm in e d  by fitting by eye the stra ight l in es  giving 
the b e s t  f its  through  the r e s p e c t iv e  po in ts .  The s lo p e s  o f  ea ch  of these 
quantities should be the sam e s in ce  any n o n p a ra l le l is m  betw een  the bed 
and w ater  s u r fa ce  w il l  cau se  l o c a l  d e p o s it io n  or  s co u r  w hich  w il l  tend 
to m ake the depth constant along the length  o f  the f lu m e .  In Run 4 -2 2 ,  
( f ig u re  3-13) the re la t iv e  s lo p e s  o f  the e n e rg y  grad e  line , w ater  su r fa ce  
and sand bed  a re  seen  to be -0 .  00036, -0 .  00024 and -0 .  00028 r e s p e c t iv e ­
ly . The flu m e s lope  fo r  this run w as 0 .0 0 7 0  and thus the three  d i f fe re n t  
total s lo p e s  a re  0 .0 0 6 6 ,  0. 0068 and 0 .0 0 6 7  r e s p e c t iv e ly .  The avera ge  
w ater  su r fa ce  s lope  d e te rm in e d  f r o m  the m a n o m e te r  b o a rd  f o r  this run 
w as 0 .0 0 7 0 .  The a v e ra g e  o f  these  fo u r  s lo p e s ,  0 .0 0 6 8 ,  is  the slope that 
w as taken as the s lop e  o f  the e n e rg y  grad ient f o r  this run.
In runs with v io len t  w ave a ct iv ity  the s ca tte r  o f  the com pu ted  
energy  grad ient points was so la rg e  that no attem pt w as m ade to fit  a 
stra ight line through them . The la rg e  s ca tte r  o f  the com p u ted  en ergy  
grade  line points  can  be exp la ined  f r o m  a re la t ion  d e v e lo p e d  by B ro o k s  
(22). He has shown that the s lop e  o f  the e n e rg y  grad ient can  be 
e x p r e s s e d  as
s  = s f  - ( ' - P )  %  - P  3 ?  <3 - 2>
w here
S = s lop e  of e n e r g y  grad ient 
S  ^ = f lu m e  s lope
y = e leva tion  o f  the w ater  s u r fa c e  re la t iv e  to  the c a r r ia g e  ra ils  
y^ = e leva tion  o f  bed  re la t iv e  to the c a r r ia g e  ra i ls  
x  = d istan ce  along flum e
V
F = F rou d e  n um ber = — ..... -  .
Vg(y-yb)
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Now the bed e leva tion  is  based  on a s ingle  bed p r o f i le  m ade at the c o n ­
c lu s io n  o f  the run. As was d is c u s s e d  in the p re ce d in g  se c t io n ,  an 
attempt was m ade to stop the f lu m e when wave a ct iv ity  w as at a m in im um  
so that the bed  w ould  be as f la t  as p o s s ib le  and the bed  p r o f i le  would not 
be in flu en ced  by includ ing  an ex tra  segm en t o f  an antidune trough or  
c r e s t  in a se c t io n .  But in runs with ra d ica l  w ave act iv ity  this b e ca m e  
e x tr e m e ly  d if f icu lt  to a c c o m p l is h  s in ce  w aves  r e fo r m e d  as soon  as they 
b ro k e  and there  w as no p e r io d  during w h ich  the bed  w as f la t .  Thus the 
bed  p r o f i le  b e c a m e  m o r e  e r r a t i c  s in ce  it w as im p o s s ib le  not to include 
a segm en t of an ex tra  c r e s t  o r  trough  in a se c t io n .  This situation was 
m ade w o r s e  by the antidunes b e co m in g  lo n g e r  and h igher  at h igher 
v e lo c i t ie s  with the resu lt  that a la r g e r  vo lu m e of  sand w as included  in
each  one. The net r e su lt  o f  these  a n om a lies  in the bed p r o f i le  is to
dYhgive  high lo c a l  va lues  o f  w hich , when m u lt ip lied  by the square  of
the F ro u d e  num ber w hich  w as a lso  la rg e  in these  c a s e s ,  g iv es  a la rge  
i r r e g u la r i t y  in the com p u ted  e leva t ion  o f  the e n ergy  grad ien t. In these 
runs it w as often not p o s s ib le  to f it  a s tra ight line to the bed  p ro f i le  
e ither  and the s lope  was based  only on the w ater  s u r fa ce  e leva tion  and 
the s lo p e s  d e te rm in e d  f r o m  the m a n o m e te r  board .
In runs w h ich  had v e r y  litt le  o r  no w ave a ct iv ity ,  the s lope  of 
the e n e rg y  grad ien t was taken as the s lope  f o r  the run.
In a ll runs, the individual s lo p e s  used  to d e te rm in e  the s lope  fo r  
the run a g re e d  w ith the a v era g e  o f  th ese  s lo p e s  to within seven  p ercen t  
and it is  b e l ie v e d  that the a v era ge  value g iv es  the true s lope  o f  the e n ergy  
grad ient to within f ive  p e rce n t .
The depth f o r  the run was taken as the a v e ra g e  o f  the depths in 
the com pu ta tion  se c t io n .  Thus
d έ  ( W b )i (3 -3 )
1=1
w here  n is the num ber o f  com pu ta tion  sta tion s . This  can  a ls o  be 
w ritten  as
d = — ]T y- -  -  Σ Ϊ υ -κ * (3 -4 )n i n 4— b.1=1 i=l i
But the la st  te r m  is  the m ean  bed  e le v a t io n  o v e r  the length o f  com putation
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se c t io n .  Thus the a v era g e  depth f o r  the com pu ta tion  s e c t io n  is  not 
su b jec t  to the e r r o r s  due to l o c a l  i r r e g u la r i t ie s  in the bed  p ro f i le  
w h ich  a f fe c te d  the depths com p u ted  f o r  the individual s ta tions. In som e  
o f  the high F ro u d e  num ber runs:, the depths fo r  the individual c o m p u ta ­
tion s e c t io n s  d i f fe r e d  by as m uch  as 0. 010 ft but it is  b e l ie v e d  that the 
a v era g e  depth com pu ted  f r o m  equation 3 -3  is  c o r r e c t  to the sam e a c c u r a c y  
as the w ater  s u r fa ce  e leva tion , i . e .  + 0 .0 0 4  ft f o r  runs in w h ich  the wave 
height was l e s s  than half the depth and +0. 006 ft f o r  runs with high w aves  
and active  b reak in g .
The m ean  v e lo c i ty ,  V, fo r  all runs ex ce p t  5-11, 5-12, 5-13 
and 5-18 is  s im p ly  the d is c h a rg e ,  Q, d iv id ed  by  the a re a ,  o r
v  = r a  <3 - 5)
w h ere  b is the f lu m e width.
Runs 5-11, 5-12, 5-13 and 5-18 w e re  c a r r i e d  out at v e r y  low  
depths (d < .  0 .1  ft) w hich  re su lte d  in v e lo c i t ie s  in the re tu rn  pipe w hich  
w e re  m uch  lo w e r  than those in the f lu m e .  C on sequ ently , sand d ep os ited  
in  the re tu rn  pipe and venturi m e te r  to a depth of about two inches  m aking 
d is ch a rg e  m e a s u r e m e n ts  with the venturi m e te r  im p o s s ib le .  The 
v e lo c i ty  in these  runs w as d e te rm in e d  by m e a su r in g  the t im e re q u ire d  
f o r  a s m a ll  w ooden  f loa t ,  1 /4 "  x 1 /4 "  x 1 /2 " ,  to tra v e l  betw een  stations 
5 and 25 at the ce n te r l in e  o f  the f lu m e .  F iv e  or  m o r e  d eterm in a tion s  o f  
this t im e w e re  m ade and these  a lw ays a g re e d  with the a v e ra g e  of all 
va lues  to within fo u r  p e rce n t .  T o  d e te rm in e  the m ean  v e lo c i ty ,  i . e .  ,
Q /b d ,  it was n e c e s s a r y  to know the re la t io n  betw een  the ce n te r l in e  
s u r fa ce  v e lo c i t y  and the m ean  v e lo c i ty .  The von  K arm a n  u n iv ersa l  
v e lo c i ty  d e fe c t  law g iv e s  this re la t ion .  Thus fo r  these  runs
U *
V = V -  -T- (3 -6 )m ax  k
w here
V = v e lo c i t y  at c e n te r l in e  o f  s u r fa ce  as d e te rm in e d  f r o m  m ax  ’
m e a s u r in g  f lo a t  v e lo c i t ie s  
υ ψ = shear  v e lo c ity
k = u n iv e rsa l  constant.
F o r  w ater  tra n sp o r t in g  sed im en t ,  k v a r ie s  f r o m  0. 2 to 0. 4. In
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com pu tin g  V f r o m  equation 3 -6 ,  k w as taken as 0 .3 .  Th is  p ro ce d u r e  
w as used  only in the fo u r  runs m entioned  above .
3 -  10. M e a su re m e n t  o f  T ota l  Sedim ent Load
In all runs, excep t  Runs 5-13 and 5-18, the tota l sed im ent d i s ­
c h a rg e  w as d e te rm in e d  by w ithdraw ing f r o m  the f lu m e r e p re se n ta t iv e  
sa m p le s  o f  the w a t e r -s e d im e n t  m ix tu re s .  In a ll runs e x ce p t  4-1, 4 -3 ,
4 -  6 and 4 - 7 ,  tw elve  o r  m o r e  o n e - l i t e r  sa m p le s  w e r e  w ithdraw n f r o m  
the f lo w , s p a ce d  o v e r  a p e r io d  o f  30 m inutes or  lo n g e r .  In the e a r ly  
runs o f  S e r ie s  4 m en tion ed  above , on ly  eight or  nine sa m p le s  w e re  taken.
The c o n ce n tra t io n  o f  sed im en t  in these  sa m p les  w as d e term in ed  
by f i l te r in g  each  sam ple  through f i l t e r  p ap er ,  then o v e n -d r y in g  and 
ind iv idua lly  w eigh ing  the sed im en t  c o l l e c t e d  in each  sam ple  to the n ea res t  
ten m i l l ig r a m s  with an analytic  b a la n ce .  The a v e ra g e  o f  a ll  sam ple  
w eights  f o r  a run w as taken as the sed im en t  c o n ce n tra t io n  in g ra m s  p er  
l i t e r .  It w as found that the standard  d ev ia t ion  o f  the w eights  o f  the 
sa m p le s  w as about ten p e r ce n t  o f  the a v e ra g e  o f  a ll  s a m p le s  in a set .
The m eth od s  used  in w ithdraw ing the s a m p le s  f r o m  the f lu m e s  
w il l  now be d e s c r ib e d .
a. 6 0 - fo o t  f lu m e . Sam ples  of the w a t e r -s e d im e n t  m ixtu re  w e re  
s iphoned f r o m  the lo w e r  part o f  the pump w e ll  through  the s a m p le r s  
shown in f igu re  3-14. The intakes o f  the sa m p le r  w e re  lo c a te d  in the 
v e r t i c a l  s e c t io n  o f  p ipe ju s t  above the pum p. The s a m p le s  w e re  
siphoned  through  the intakes and the v e r t i c a l  tube and then through a 
s e c t io n  o f  tran sp a ren t  tubing w h ich  d is c h a rg e d  into a o n e - l i t e r  bottle .
The head on the siphon was adjusted  to g ive  the sam e v e lo c i t y  in the 
e n tra n ces  to the sa m p le r  intakes as the m ean  v e lo c i ty  in the c r o s s  
s e c t io n  f r o m  w hich  the sa m p le s  w e re  w ithdraw n. A fu rth er  re q u ire m e n t  
w as that the v e lo c i ty  in the s a m p le r  be high enough to p reven t  internal 
d e p os it ion .  F o r  the range o f  d is c h a rg e  p o s s ib le  in the f lu m e , these 
re q u ire m e n ts  n e c e s s ita te d  the use o f  th ree  d i f fe re n t  s a m p le r s .  The 
c h a r a c t e r is t i c s  o f  the s a m p le r s  g iven  by Vanoni and B r o o k s  (l) are  
s u m m a r iz e d  in table 3-1.
T o  co m p e n sa te  f o r  any n o n -u n ifo rm ity  of c o n ce n tra t io n  a c r o s s  
the s e c t io n  f r o m  w h ich  the sa m p le s  w e r e  w ithdraw n, the s a m p le r  was
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Fig .  3 -14 .  Total  load s a m p le r s  
f o r  6 0 - fo o t  f lum e.
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T able  3-1
C h a r a c te r is t i c s  o f  T ota l L oad  S a m p le rs  f o r  6 0 - fo o t  F lu m e
S am p ler A B C
No. o f  intakes 4 3 2
Intake opening, in. 0. 136 0. 129 0. 136
V e r t ic a l  tube I. D. , in. 0. 305 0. 353 0 .4 1 6
F lu m e  d is c h a rg e ,  c f s m in . 0. 48 0. 98 1 .8
m ax . I. 04 2. 2 4 .4
T im e  r e q u ir e d  to c o l l e c t m ax . 99 74 53
o n e - l i t e r  sa m p le ,  s e c . m in . 45 33 22
D istan ce  f r o m  v e r t i c a l  tube to  intakes = 2. 7 in . f o r  all 
s a m p le r s .
m o v e d  s lo w ly  but con tin u ou s ly  around in the s e c t io n  during sam pling .
A  l i t e r  o f  c l e a r  w ater  w as  added to the f lu m e a fter  e a ch  sa m p le  was 
taken to keep  the depth in the f lu m e constant. The s iphon w as always 
a llow ed  to  run s e v e r a l  m inutes  b e fo r e  sa m p le s  w e re  c o l l e c t e d  to a llow  
the sed im en t  f lo w  in the s a m p le r  to r e a c h  e q u il ib r iu m . The p lastic  
tubing w h ich  ran  f r o m  the sa m p le r  to the c o l le c t io n  bottle  w as held as 
n e a r ly  v e r t i c a l  as p o s s ib le  to p reven t  d e p o s it io n  in it.
The bottle  in w h ich  the sam ple  w as c o l l e c t e d  re s te d  on a p la t fo rm  
w hich  cou ld  be m o v e d  v e r t i c a l ly  in  a r a c k  to g ive  the r e q u ire d  head on 
the s iphon. Th is  s a m p le r  r a c k  and its appurtenances  can  be seen  in 
f ig u re  3 -3 .  The end o f  the siphon tube w as co n n e cte d  to a tw o -w a y  
sw in g -sp o u t  above  the bott le .  In one p o s it io n ,  the sw in g -sp o u t  d ir e c te d  
the f lo w  into the bottle  w hile  in the other p os it ion ,  it p a s s e d  the f low  
into a bucket. A  sw itch  act iva ted  by the sw in g -sp o u t  s ta rted  an e le c t r i c  
t im e r  when the f lo w  w as d iv e r te d  into the sam ple  bottle  and stopped  the 
t im e r  when the va lve  w as pushed  back . This  gave an a ccu ra te  m e a su re  
o f  the t im e r e q u ir e d  to w ithdraw  the sa m p le .
b. 40 - fo o t  f lu m e . In a ll  runs in the 4 0 - fo o t  f lu m e ,  e x ce p t  Run 
4-1, the s a m p le s  w e r e  w ithdraw n through a s a m p le r  p la ce d  in the 
v e r t i c a l  s e c t io n  o f  the tra n s it io n  at the u p stream  end o f  the f lu m e .
Th is  sa m p le r  i s  shown s ch e m a t ic a l ly  in  f ig u re  3-15 and the setup used
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F i g .  3 - 1 5 .  L o n g i t u d i n a l  s e c t i o n  o f  4 0 - f o o t  f l u m e  at u p s t r e a m  
e n d  s h o w i n g  b o x  i n l e t  and s e d i m e n t  d i s c h a r g e  s a m p l e r .
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in sam pling  f r o m  this f lu m e  can  be seen  in f ig u re  3 -3 .  The sa m p le r  
tube w as m ade o f  l / 4 - i n c h  h ard -draw n  c o p p e r  tubing and had an opening 
o f  3/16 in ch e s .  The w all  o f  the tubing at the opening was b e v e le d  to 
g ive  a knife edge . The s a m p le r  co u ld  be m o v e d  a c r o s s  p r a c t ic a l ly  the 
fu ll  width o f  the se ct io n .  T w o la y e rs  o f  4 - m e s h  s c r e e n  w e r e  p laced  
ten in ch es  b e low  the sa m p le r  in let  in an attem pt to d istr ibu te  the s e d i ­
m ent even ly  a c r o s s  the se c t io n  and break  up c o n ce n tra t io n  grad ients  
resu lt in g  f r o m  the heavy co n ce n tra t io n s  n ear  the bottom  of the hor izon ta l  
re tu rn  pipe being  c a r r i e d  into the tra n s it ion .  A lthough this sam pling 
a rra n g em en t  w as fa r  f r o m  id ea l,  the a rra n g e m e n t  o f  the equipm ent 
p re c lu d e d  a better  c h o ic e .
D uring the sam plin g , the head on the tube running f r o m  the 
s a m p le r  to  the sam ple  bottle  w as ad justed  so  that the v e lo c i t y  o f  the 
f lo w  enter ing  the s a m p le r  was the sam e as the m ean  v e lo c i ty  in  the 
r i s e r .  T h re e  o n e - l i t e r  s a m p le s  w e re  taken at each  o f  f iv e  sa m p le r  
p o s it io n s  sp a ced  1 -1 /8  in ch es  apart. It w as found that a con cen tra t ion  
grad ien t p e r s is t e d  a c r o s s  the r i s e r  d esp ite  the two s c r e e n s .  The c o n ­
cen tra t ion  at the c e n te r  of the s e c t io n  w as usually  about ten p ercen t  
h igh er  than that near  the w a ll  c o r r e s p o n d in g  to  the bottom  o f  the return  
pipe and often  tw ice  as la rg e  as that at the op p os ite  w a ll .  H ow ever ,  the 
a v e ra g e  o f  a ll s a m p le s  gave c o n ce n tra t io n s  w hich  a g re e d  fa i r ly  w e ll  with 
sa m p le s  f r o m  equivalent runs in the 6 0 - fo o t  f lu m e and this a v era ge  was 
used .
In Run 4-1, a s im p le  bent tube sa m p le r  w ith an in let  d ia m e te r  of 
0. 312 in ch es  w as used  in the pum p w e l l  o f  the 4 0 - fo o t  f lu m e .  This is 
the sam e sam ple  w hich  was used  by B r o o k s  (20, 22), N o m ic o s  (23) and 
Vanoni and B r o o k s  (I )  and has been  d e s c r ib e d  and d is c u s s e d  by these  
authors . It w as not used  in the la ter  runs in the 4 0 - fo o t  f lu m e becau se  
of the surging  w hich  o c c u r r e d  in the s m a ll  pum p w e ll .  The new la rg e  
pum p w e ll ,  w h ich  w as in s ta lled  a fter  Run S e r ie s  5 was co m p le te d ,  
re d u ce d  the surg ing  but had no stra ight s e c t io n  w hich  was suitable fo r  
sam plin g .
3 -1 1 .  Wave Length M ea su rem en t
In all runs e x ce p t  5-1 through 5 -1 2 ,  the w ave length o f  the
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sta tion ary  w aves  (and thus o f  the antidunes a lso ,  as w as d is c u s s e d  in 
ch ap ter  2) w as d e te rm in e d  during the run by m e a s u r in g  the length of 
channel o c cu p ie d  by som e  in tegra l  num ber o f  w aves  at a g iven  instant.
This  p r o c e d u r e  w as rep ea ted  at le a s t  f ive  t im e s  and often  twenty t im es  
or  m o r e  during each  run. W aves  in the f i r s t  ten fee t  of the f lu m e s  w e re  
n ever  included  as they w e re  apparently  a f fe c ted  by the en tran ce .
This  p r o c e d u r e  is  not v e r y  a ccu ra te  fo r  s e v e r a l  r e a s o n s .
F ir s t ,  s in ce  the w aves  w e re  ra ther  long and fla t ,  it w as d if f icu lt  to 
d e term in e  the p os it ion  of a c r e s t  or  trough  to within an in terva l  o f  l e s s  
than about on e -ten th  o f  a w ave length. Th is  e r r o r  is  m agn if ied  by the 
fa c t  that the w aves  often  o c c u r r e d  in tra ins  of only seven  or  eight w aves .  
S ince  the end w aves  w e re  not used  in the d e term in a tion , this le ft  only 
f iv e  o r  s ix  w aves  am ong w hich  the e r r o r  due to the lo ca t io n s  o f  the f i r s t  
and last  w aves  w as d iv id ed . A  furth er  d if f icu lty  a r o s e  at h igher  
v e lo c i t ie s  when the w aves  w ould  f o r m  and b rea k  so rap id ly  that only a 
few  w aves  cou ld  be counted  b e fo r e  the pattern  w ould  d isa p p e a r .
The w ave length r e p o r te d  is  the a v e ra g e  o f  the wave lengths 
d e te rm in e d  by the individual w ave counts . It w as found that the va lues 
c o r r e s p o n d in g  to the individual d e term in a tion s  se ld om  d i f fe r e d  f r o m  the 
av era ge  of a ll va lues  by m o r e  than ten p e rce n t .  At the lo w e r  v e lo c i t ie s ,  
the va lues  usually  f e l l  w ith in  f ive  p e r ce n t  of the a v e ra g e .  The avera ge  
value is  b e l ie v e d  a ccu ra te  to about f ive  p e rce n t .
In runs 5 -1  through 5 -1 2 ,  no w ave counts  w e re  m ade during the 
run. The w ave lengths w e re  la ter  s ca le d  f r o m  photographs  or  d e term in ed  
f r o m  d eta iled  bed p r o f i le s  w hich  w e r e  m ade in som e  runs b e fo r e  the bed 
w as le v e le d .  It is  e s t im a ted  that the a c c u r a c y  of these  determ in a tion s  
is  about the sam e as that o f  the m e a s u re m e n ts  m ade during the run.
3 -1 2 .  P h otographs
Since one of the o b je c t iv e s  of the la b o r a to r y  study w as to obtain 
d e s c r ip t io n s  of the bed  and w ater  su r fa ce  beh a v ior  of the va r io u s  r e g im e s  
of f low , ex ten s ive  use  w as m ade of both s t i l l  and m o t io n  photography .
F o r  a ll runs, s t i l l  and m o t io n  p ic tu re s  of all s ign if ican t  fe a tu re s  o f  the 
w ater  s u r fa ce  and bed  b e h a v io r  w e re  taken through the w indow s in the 
s id es  of the f lu m e s .  F o r  ce r ta in  runs, s t i l l  photos w e re  a ls o  taken of
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the bed  fe a tu re s  a fter  the pum p had been  stopped . In a ll photos taken 
through the w indow, a s te e l  tape graduated  in in ch es  and f ra c t io n s  was 
p la ce d  along the bottom  of the w indow  to p ro v id e  a r e fe r e n c e  s ca le  and 
a co o rd in a te  s y s te m . O verh ead  s t i l l  photographs  w e re  taken in all runs 
w hich  had p ron ou n ced  w ave a ctiv ity . O verhead  m o t io n  p ic tu re s  w e re  
a lso  taken in s e v e r a l  runs. S e v e r a l  o f  the s t i l l  photos obtained  are  
shown in chapter  4. The m ot ion  p ic tu re s  w e r e  studied in  deta il during 
and a fter  the la b o r a to r y  study to c o m p a r e  the v is ib le  e f fe c ts  o f  f low  
p a r a m e te r s  and sand s ize  on the f lo w  b eh a v ior .  A  m o t io n  p ic tu re  f i lm  
w hich  show s the fo rm a t io n ,  g row th  and break in g  o f  s ta tion ary  w aves  has 
been  p r e p a r e d  f o r  Runs 5 -1 4 ,  5 -1 6 ,  5 -1 7  and 4 -2 8 .
3 -1 3 .  C a lcu la tion  o f  B ed  Shear and F r ic t io n  F a c to r
In an in fin ite ly  w ide u n iform  f lo w  the sh ea r  s t r e s s  e x e r te d  on 
the bed  is  equal to the com p on en t  of the w eight of the f lu id  along the bed,
Tq = ySd (3 -7 )
w here
τ = sh ear  s t r e s s  on the bed o
y = unit w eight o f  f lu id .
When the width o f  the channel is  fin ite ,  the shear  s t r e s s  on the w alls  
m ust a ls o  be taken into account. If the c r o s s  se c t io n a l  a r e a  o f  the 
s tre a m  is  A, then the com pon en t  along the channel o f  the f lu id  weight 
is  yAS p e r  unit length . This  m ust be r e s i s t e d  by the shear  f o r c e  o ver  
the w etted  boundary . If the a v era ge  value of the sh ear  s t r e s s  o v e r  this 
boundary is  τ  , then the r e s is t in g  f o r c e  per  unit length o f  channel is 
TqP w h ere  p is  the w etted  p e r im e t e r .  Equating these  two f o r c e s ,  the 
resu lt  is
? o = yrS (3 -8 )
w h ere  r is  the h ydrau lic  rad iu s ,  A /p .
The value o f  the shear  s t r e s s ,  τ o r  τ , m u st  be re la ted  too o
the m ean  v e lo c i ty  o f  f lo w  in  the se c t io n  to be o f  any value in design ing  
or  analyzing flu id  s y s te m s .  The re la t io n  betw een  the shear  s tr e s s  and 
the v e lo c i ty  depends on the shape of the se c t io n ,  the rou gh n ess  of the 
w a l ls ,  and the p r o p e r t ie s  o f  the flu id . In op en -ch a n n e l f low , this re la t ion
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is  usually  e x p r e s s e d  by e m p ir i c a l  r e la t io n s  such  as the C h ezy  equation
V = c V r S ~  (3 -9 )
in w h ich  C is  a d im e n s io n a l  constant w hich  m ust be d e te rm in e d  e x ­
p e r im e n ta lly  and w h ich  depends on the quantities m entioned  above . The 
re la t ion  f o r  C w hich  w il l  be used  h e re  is  g iven  by the D a r c y -W e is b a c h  
equation w hich  can be w ritten  as
V = J * Iy T s .  (3 -1 0 )
H ere  the f r i c t io n  fa c to r ,  f , depends on the sam e fa c to r s  as C h e zy 's  
C but is  d im e n s io n le s s .  If equation  3 -8  is substituted  into equation 
3 -1 0 ,  the a v e ra g e  sh ear  s t r e s s  can  be e x p r e s s e d  as
-  _ f  V 2 (r. . , V
To '  4 p ~  * ( 3_11)
This  can  be put into a m o r e  conven ient f o r m  by in troducing  the shear 
v e lo c i ty ,  U5jc, defined  as
u* =V-T- =Vi^s"* (3-12)
The substitution  o f  equation  3-11 into equation  3 -1 2  y ie ld s
U *  2
f = 8 ( — — ) . (3 -1 3 )
Equation 3 -1 0  re la te s  the m ean  v e lo c i t y  to the m ean  shear  
s t r e s s  on the boundary  o f  the f lo w  and in this f o r m  can only be applied  
to c a s e s  in w h ich  the w a ll  rou gh n ess  is  the sam e f o r  a ll s u r fa c e s .  In 
the c a s e  o f  f lu m e  e x p e r im e n ts ,  the rou gh n ess  o f  the f lu m e  w alls  rem ain s  
constant w hile  the rou gh n ess  o f  the sand bed  v a r ie s  o v e r  a w ide range 
depending on the bed  con figu ra t ion . Since it is  the shear  on the bed  and 
the f r i c t io n  fa c to r  of the bed  that a re  o f  in te re s t ,  th ese  e x p r e s s io n s  
cannot be used  in their  p re se n t  f o r m .  R ath er, s o m e  p r o c e d u r e  m ust 
be used  w h ich  w il l  sepa ra te  the w a ll  e f fe c ts  f r o m  the bed e f fe c ts .  Such 
a p r o c e d u r e  has been  d e v is e d  by Johnson  (24) and m o d if ie d  by B rook s  
(22). The p r o c e d u r e  g iven  by B ro o k s  w ill  be outlined h e re .
The p r in c ip a l  a ssu m p tion  in v o lv e d  is  that the c r o s s  se c t io n  can  
be d iv ided  into two a r e a s .  In one the f lo w  is r e s is t e d  on ly  by  the bed 
w hile  in the o ther  it is  r e s i s t e d  only by the w a l ls .  A s s o c ia te d  with 
each  o f  th ese  a r e a s  is  a d i f fe re n t  rou gh n ess  w h ich  is  a ssu m e d
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h om ogen eou s  f o r  ea ch  se c t io n .  The w a ll  rou gh n ess  is  known and the 
bed  rou gh n ess  is  sought. F u rth e r ,  it is a s su m e d  that equation 3 -10  
can  be applied  to each  s e c t io n  ind iv idua lly ,  and that the m ean  v e lo c ity  
and s lope  o f  the e n e rg y  grad ien t a re  the sam e f o r  both s e c t io n s .  Thus
A = A  + A ,  (3 -1 4 )
w here
A ^  = a r e a  in w hich  the f lo w  is r e s i s t e d  only by the w all 
A^ = a re a  in  w hich  the f lo w  is  r e s is t e d  only by the bed.
F r o m  equation 3 -1 0 ,
Pnf K y 2  P f  y 2Λ b b j  . rW W ίο i e\
b 8 g S w 8 g S v '
H ere  again, the s u b scr ip ts  b and w perta in  to the bed  and w all r e ­
s p e c t iv e ly .  Substituting equation 3 -15  into equation 3 -1 4  and substituting 
f o r  A  f r o m  equation 3 -1 0 ,  the re su lt  is
p f  = P1L + p f  . (3 -1 6 )r b b t W w v '
Since f^ is  the on ly  unknown, equation 3 -1 6  can be s o lv e d  to y ie ld
f, = -E - f  -  —  f  . (3 -1 7 )b p b Pb w
If the channel is  r e c ta n gu la r ,  the re la t ion s  p = 2d + b, pw = 2d, and 
p^ = b m ay  be substituted  and equation 3 -17  b e c o m e s
f b = f  + T r < f - f w>· <3 - 18>
The only rem a in in g  p r o b le m  is  to d e te rm in e  f ^ .  T o  this end, 
c o n s id e r  the R eyn o ld s  n u m b ers  f o r  the three  s e c t io n s ,
4 r Kv  4 r  V .
R = ------L _  , R = -----an d  R = ! !^ 1 ,  ( 3 - 1 9 )b v w v  v
w h ere  v is  the k in em atic  v i s c o s i t y .  S ince  V is the sam e fo r  all 
s e c t io n s ,  equation 3 -19  b e c o m e s
R, R
- t  „  5 .  (3 -2 o )r, r rb w
If e x p r e s s io n s  o f  the f o r m  of equation 3 -1 0  f o r  each  o f  the th ree  se c t io n s  
are  s o lv e d  f o r  r^, r , and r and substituted  in equation  3 -2 0 ,  the 
ra t ios  b e c o m e
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R, R 0
IT = W  = T- <3-2')b w
Since R and f  a re  known, equation  3-21 can  be used to com pute 
R / f  . Then f  can  be obtained  f r o m  a pipe f r i c t i o n  d iagram  by tr ia l  
and e r r o r  i f  the w all rou gh n ess  is  known. A ssu m in g  sm o o th  w a lls ,  the 
graph  shown in f ig u re  3 -1 6  has been  p r e p a re d  by B ro o k s  (22) so  that 
f  can  be obtained  d ir e c t ly .  The value o f  f  can  now be used  in 
equation 3 -1 8  to get the bed  f r i c t io n  fa c to r ,  f^. A lso , equations 3 -20  
and 3-21 can  be s o lv e d  fo r  r^ and the bed  sh ear  v e lo c i ty  can  then be 
com p u ted  as
u *  = (3 -22 )
b
It is  r e a l iz e d  that the s id e -w a l l  c o r r e c t i o n  p r o ce d u r e  is  not 
s t r ic t ly  ap p licab le  to the c a s e  in w h ich  the f lo w  is  both n o n -u n ifo rm  and 
unsteady. Indeed, the d iv is io n  o f  the sh ear  betw een  bed and w a lls  is 
quite a r t i f i c ia l  and open to m u ch  question  even  in the c a s e  o f  steady 
un iform  f lo w . In the c a s e  o f  f low  o v e r  antidunes the depth and thus the 
d is tr ib u t ion  o f  shear  betw een  bed and w a lls  changes  con tinuously  with 
t im e  and d istan ce  and the com p u ted  bed  shear  w ill  r e p r e s e n t  s o m e  s o rt  
of an a v e ra g e .  H ow ev er ,  it is  d e s ir a b le  to m ake the c o r r e c t i o n  to put 
the r e su lts  f r o m  d if fe re n t  f lu m e s  on a c o m p a ra b le  b a s is .
3 -1 4 .  R e p ro d u c ib i l i ty
The r e p ro d u c ib i l i ty  o f  the runs was continually  ch e ck e d  by 
co m p a r in g  the re su lts  o f  the la s t  p r e l im in a r y  phase  and the final phase 
of each  run. In p r a c t i c a l ly  all c a s e s ,  the r e p r o d u c ib i l i ty  w as found to 
be within the l im its  o f  the es t im a te d  a c c u r a c ie s  d is c u s s e d  e a r l i e r  in this 
ch ap ter .  A typ ica l  exam p le  is  g iv en  in table 3 -2  w h ich  c o m p a r e s  the 
re su lts  o f  a p r e l im in a r y  phase and f in a l phase o f  Run 4 -2 8 ,  a run in 
the 4 0 - fo o t  f lu m e .  The o b je c t iv e s  o f  this run w e re  d= 0. 150 ft,
V = 2. 52 f t / s e c  and F  = I . 15.
Fig.  3 - 1 6 .  R/f  vs. f for smooth-walled channels.
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T able  3 -2
E x am p le  o f  R e p ro d u c ib i l i ty  o f  Runs 
Run 4 -2 8
P h ase P r e l im in a r y F inal
Date 9 -1 1 -5 9  A . M. 9 -1 1 -5 9  P . M .
Depth, ft 0. 150 0. 148
V e lo c i ty ,  f t / s e c 2. 54 2. 55
F lu m e  Slope 0 .0 0 6 5 0 .0 0 6 5
E n erg y  G rad ien t Slope 0 .0 0 6 5 0 .0 0 6 6
W ave Length, ft I .  27 I. 27
3 -1 5 .  Sand C h a r a c te r is t i c s
T w o d if fe re n t  sands w e re  used  in this in vestiga tion : Sand I, 
w h ich  had a g e o m e tr ic  m ean  d ia m e te r  o f  0 .5 4 9  m m , fo r  Run S e r ie s  5; 
and Sand 2, w hich  had a g e o m e t r ic  m ean  d ia m e te r  of 0. 233 m m , fo r  Run 
S e r ie s  4. The s ieve  an a lys is  p r o c e d u r e  and the sand c h a r a c t e r i s t i c s  
w i l l  be d e s c r ib e d  in this se ct ion .
a. S ieve a n a ly s e s .  At in terva ls  during the la b o r a to r y  in v e s t i ­
gation , s a m p le s  o f  sand w e re  r e m o v e d  f r o m  the f lu m e s  by f o r c in g  a 
m eta l  c y l in d e r ,  about two in ch es  in d ia m e te r ,  into the bed  until it 
p en etra ted  to the channel f l o o r .  A ll  of the sand conta ined  in the 
c y l in d e r  w as then r e m o v e d .  S am ples  w e re  taken at th ree  lo ca t io n s  in 
the 4 0 - fo o t  f lu m e and fo u r  lo ca t io n s  in the 6 0 - fo o t  f lu m e .  The sam p les  
w e re  then d r ie d  and a re p re s e n ta t iv e  p o r t io n  of the c o m p o s it e  was o b ­
tained by splitting the c o m p o s it e  into s u c c e s s iv e  h a lves  with a Jones 
sam ple  sp lit te r  until a sam ple  o f  40 to 50 g ra m s  re m a in e d .  A s ieve  
an a lys is  o f  this sam ple  w as then m ade  using a -\Jl - s e r ie s  o f  standard 
te n - in c h  T y le r  la b o r a to r y  s ie v e s  w hich  w e re  shaken fo r  f i fteen  m inutes 
on a T y le r  Rotap M ach ine . E a ch  s ieve  f r a c t io n  (sand  conta ined  betw een  
s u c c e s s iv e  s ie v e s )  w as then w eigh ed  to the n e a r e s t  ten m i l l ig r a m s  on 
an analytic  ba lan ce .
A  s im i la r  s ie v e  a n a lys is  w as p e r fo r m e d  on the c o m p o s it e  o f  all
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sed im en t  sa m p le s  c o l l e c t e d  during ea ch  run.
b. A n a lyses  o f  sands used  in e x p e r im e n t s . Both  o f  the sands 
used  in this in v est iga tion  w e r e  p red om in a n tly  quartz  ( s p e c i f i c  g rav ity  
= 2. 65). They w e re  obta ined  f r o m  a fou n d ry  supply house  and given  
no fu r th e r  p r o c e s s in g  e x ce p t  w ash ing in the f lu m e s .  Sand I is a 
natural sand o f  the St. P e te r  fo r m a t io n  and is  m a rk e te d  c o m m e r c ia l l y  
as "Ottawa Sand". P h o to m ic r o g r a p h s  of the sands are  shown in f ig u re  
3 -1 7 .  Sand I is  quite rounded  w hile  Sand 2 is  m u ch  m o r e  angular.
The d is tr ib u t ion s  o f  the s ie v e  s iz e s  o f  the sands a re  shown 
g ra p h ica l ly  in f ig u re  3 -1 8  p lotted  on l o g a r i t h m ic -p r o b a b i l i t y  paper as 
su gg ested  by Otto (25). The fa c t  that the d istr ibu tion s  p lot  as straight 
l in es ,  e x ce p t  f o r  the ta ils ,  in d ica tes  that the lo g a r ith m s  o f  the s ieve  
d ia m e te rs  o f  the sands are  d istr ibu ted  a c c o r d in g  to the n o rm a l e r r o r  
law . Th is  d is tr ib u t ion  is  c o m p le te ly  de fin ed  when the g e o m e t r ic  m ean, 
D g  = P  5 0 ’ anc  ^ fbe g e o m e t r ic  standard  dev iation , 0" , a re  known.
The g e o m e tr ic  standard d ev ia t ion  is  g iven  by
D 50
V d- ^ ·  (3"23)g 1 5 .9
w here
= s iz e  f o r  w h ich  50 p e r ce n t  o f  the sand is  s m a lle r
 ^ = s ize  f o r  w hich  15.9  p e r ce n t  o f  the sand is  s m a lle r .
The changes  in D and CT f o r  the sands during the in v est iga tion  w e re  
O g
not s ign if ican t  f o r  e ither  sand.
The p r o p e r t ie s  o f  the sands used  in this in v est iga t ion  are  
s u m m a r iz e d  in table 3 -3 .
Table  3 -3
S u m m ary  o f  Sand P r o p e r t ie s
Sand I Sand 2
G e o m e tr ic  m ea n  s ie v e  d ia m e te r ,  D , m m  0 .5 4 9  0 .2 3 3
g
G e o m e t r ic  s tandard  dev iation , w 1 . 14  1 .47
• g
S p e c if ic  g rav ity  2. 65 2. 65
Shape rounded  subrounded
U sed in Run S e r ie s  5 4
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(b)  S an d  2 ( D g = 0 . 2 3 3  m m ) .
F i g .  3 - 1 7 .  P h o t o m i c r o g r a p h s  o f  s a n d s  
u s e d .  ( M a g n i f i c a t i o n :  10 t i m e s . )
(a)  Sand  1 (Dg = 0 . 5 49 m m ).
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F i g .  3 - 1 8 .  S i e v e  a n a l y s e s  o f  s a n d s  u s e d .
C H A P T E R  4
E X P E R IM E N T A L  RESU LTS
In the f i r s t  s e c t io n  of this chapter  the g e n era l  plan o f  the 
e x p e r im e n ta l  p r o g r a m  w ill  be exp la in ed . The e x p e r im e n ta l  resu lts  
w il l  then be p re se n te d  in th ree  in te r re la te d  s e c t io n s .  In s e c t io n  4 -2 ,  
s om e  gen era l  fe a tu re s  o f  high v e lo c i ty  f lo w  o v e r  a sand bed w il l  be 
d is cu s s e d .  This  w il l  supplem ent the g e n e ra l  d e s c r ip t io n  g iven  in 
ch ap ter  I. In se c t io n  4 -3 ,  two s y s te m a t ic  sets  o f  runs w ill  be d e s c r ib e d  
in som e  deta il and i l lu s tra te d  with p h otograp h s .  T h e se  d e sc r ip t io n s  w ill  
show  the s u c c e s s io n  of bed and s u r fa ce  con figu ra t ion s  f o r  a constant 
depth as v e lo c i ty  is  in c r e a s e d .  A  s u m m a ry  o f  con f igu ra t ion s  fo r  a ll 
runs and m e a s u r e d  wave p a r a m e te r s  w il l  a ls o  be g iven . In s e c t io n  4 -4 ,  
the rou gh n ess  and sed im en t  tra n sp o r t  c h a r a c t e r i s t i c s  of the laboratory- 
s tre a m  w ill  be p re se n te d  and the rou gh n ess  w il l  be re la ted  qualitatively  
to the w ater  s u r fa ce  con figu ra t ion .
4 - 1 . G e n e ra l  Outline o f  E x p e r im e n ts
The flu m e e x p e r im e n ts  can  be d iv ided  into three grou p s  as
f o l l o w s :
G roup I. E x p e r im e n ts  in the 4 0 - fo o t  f lu m e using Sand I 
(Runs 5 -1  through 5 -18 )
G roup 2. E x p e r im e n ts  in the 4 0 - fo o t  f lu m e  using Sand 2 
(Run 4 -1  and Runs 4 -2 4  through 4 -3 8 )
G roup 3. E x p e r im e n ts  in the 6 0 - fo o t  f lu m e using Sand 2 
(Runs 4 -3  through 4 -2 3 ) .
C erta in  run n u m bers  a re  m is s in g  ( e . g .  4 -2 )  so  there  is  not a continuous 
seq u en ce .  The m is s in g  n u m bers  r e p re s e n t  s p e c ia l  e x p e r im e n ts  w hich  
are  not r e p o r te d  h e r e .
The m ain  them e of  the ex p er im en ta l  p r o g r a m  w as to conduct a 
set o f  runs in each  group  at a constant depth of a p p ro x im a te ly  0. 15 ft.
At this depth runs w e re  m ade with F ro u d e  n u m bers  ranging f r o m  about 
0. 75 up to the l im it in g  value im p o s e d  by the beh a v ior  of the f lo w  or  
ca p a c ity  of the equipm ent ( l e s s  than 2. 0). T o  study the e f fe c t  of depth
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of f lo w , s e v e r a l  runs w e re  m ade in each  group  at depths of 0. 25 and 
0 .3 5  ft. In addition, s e v e r a l  runs w e re  m ade in each  group  at s ca tte re d  
va lues  o f  depth and F ro u d e  num ber.
4 - 2 .  S om e G e n e ra l  F e a tu re s  o f  High V e lo c i ty  F lo w  o v e r  a Sand Bed
N um erou s  photographs w il l  be p re se n te d  in the next two se ct io n s  
to i l lu s tra te  the d i f fe re n t  bed  and w ater  s u r fa ce  c o n f ig u ra t io n s .  T o  
show the range of b e h a v io rs  en cou n tered , m o s t  f ig u r e s  w il l  show  s e v e r a l  
photographs of the run being i l lu s tra te d .  The s ide  v iew s  through the 
w indow  w il l  in g e n e ra l  show the m o s t  un iform  f lo w  cond it ion , a cond it ion  
of w e ll  d e v e lo p e d  w a v e s ,  and the con d it ion  o f  m ax im u m  w ave am plitude 
o r  w ave b reak in g . E x cep t  w h ere  noted, the f low  is  f r o m  le ft  to right.
In m o s t  c a s e s  top v iew s w il l  a ls o  be g iven .
a. F o rm a t io n  o f  s ta tion ary  w aves  and antidunes . The f i r s t
question  that natura lly  a r i s e s  is  why do antidunes and sta tion ary  w aves  
e v e r  f o r m .  A pparently  the chain  o f  events  is  as fo l lo w s .  S om e d i s ­
turbance  g iv es  r i s e  to a s ta tion ary  s u r fa ce  w ave . This  d istu rban ce  
can a r is e  f r o m  a p ro tu b e ra n ce  on the bed , such  as a dune, o r  an e x ­
te rn a lly  induced  d istu rba n ce  o f  the w ater  s u r fa c e .  O ver  a ce r ta in  range 
o f  F ro u d e  n u m b e rs  it was im p o s s ib le  (e x ce p t  at v e r y  sm a ll  depths) to 
avoid  such  s u r fa ce  d is tu rb a n ce s  at the in let  and outlet of the f lu m e .  If 
the depth and v e lo c i ty  are  above ce r ta in  l im it in g  va lues  the p ertu rbation  
v e lo c i t ie s  a ccom p a n y in g  the s u r fa ce  w aves  a f fe c t  the lo c a l  sed im ent 
t ra n sp o r t  ca p a c ity  of the f low . The m a te r ia l  under the w ave troughs 
w here  the p ertu rb a t ion  v e lo c i ty  and f lo w  v e lo c i t y  a re  in the sam e d ire c t io n  
is  entra ined  by the flu id  and d e p o s ite d  under the c r e s t s ,  w here  the p e r ­
turbation  v e lo c i ty  o p p o se s  the f lo w  v e lo c i ty .  Antidunes are  the resu lt  
of this d if fe ren t ia l  d ep osit ion . The g row th  o f  the antidunes in c r e a s e s  the 
m agnitude o f  the p ertu rb a tion  v e lo c i t ie s  w hich  in turn cau se  m o r e  
d if fe ren t ia l  d ep o s it io n  and a furth er  in c r e a s e  of the antidune am plitude.
As the antidunes b e c o m e  s te e p e r ,  the e f fe c t  of g rav ity  in r e s is t in g  the 
sed im en t  m o v e m e n t  f r o m  the antidune troughs to the c r e s t s  a lso  i n ­
c r e a s e s .  F in a lly  a l im itin g  antidune height is  r e a c h e d  at w h ich  the 
r e s is t in g  e f fe c t  o f  g rav ity  is  equal to the e f fe c t  o f  the p ertu rbation  v e lo c i t i e s .
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The lim it in g  height depends on the depth o f  f lo w , v e lo c i ty ,  and tran sp ort  
c h a r a c t e r i s t i c s  o f  the sand. If the heights o f  the sta tion ary  w aves  re a c h  
the c r i t i c a l  value fo r  break ing  b e fo r e  the antidunes r e a c h  their  l im iting  
height, the w aves  b re a k .
O ver  a ce r ta in  range o f  depth and v e lo c i t y ,  it w as found that 
two p o s s ib le  f lo w  cond it ions  ex is t .  If the w ater  and sand w e re  adm itted 
to the f lu m e with litt le  or  no d is tu rb a n ce ,  the bed  and w ater su r fa ce  
r e m a in e d  fla t .  If the w ater  s u r fa ce  was g iven  a p e rs is te n t  d isturbance  
at the u p stream  end o f  the f lu m e , s ta tion ary  w aves  and antidunes 
d e v e lo p e d  o v e r  the w hole length  of the f lu m e .  If the d is tu rb a n ce  was 
then r e m o v e d ,  the w aves  d isa p p e a re d  and the f lo w  again b e c a m e  steady 
and u n iform .
b. M ovem en t o f  w aves  and p ropa gation  o f  w a v e s . In the l i t e r a ­
ture freq u en t  m en tion  has been  m ade o f  the u p stream  m o v e m e n t  o f  the 
individual s ta tion ary  w aves  and antidunes (s e e  s e c t io n  1 -2 ) ,  and in 
s e c t io n  2 -6  it w as shown that tw o -d im e n s io n a l  antidunes would be e x ­
p e c te d  to m o v e  u p strea m . As d is c u s s e d  in the next se c t io n ,  it was 
found that, depending on the depth o f  f lo w , ve loc ity , and sand s iz e ,  the 
w aves  can  m o v e  u p strea m , d ow n strea m , or  not at a ll .  This  m ovem en t  
of the individual w aves  m u st  be c l e a r ly  d ist ingu ished  f r o m  the p r o p a ­
gation of the antidune phenom enon . It w as o b s e r v e d  that antidunes 
o c c u r r e d  in tra ins  of f ive  to tw e n ty -f iv e  w aves  and that the w hole wave 
tra in  p ropa gated  d ow n stream  r e g a r d le s s  o f  the d ir e c t io n  of m ovem en t  of 
the antidunes.
C o n s id e r  the tra in  of antidunes at t im e t  ^ shown in f igu re  4 - la .
At the d ow n stream  end o f  the tra in , the f lo w  co m in g  f r o m  the antidune 
r e g io n  acts  on the bed  to f o r m  another antidune by s co u r  and d e p os it ion .  
M eanw hile , at the u p stream  end of the tra in , the f low  co m in g  f r o m  the 
r e g io n  w h ere  the bed  is flat  s c o u r s  away the c r e s t  o f  the upstream  anti-  
dune and d e p o s its  the sand in the ad jacent trough, thus le v e l in g  the bed. 
This  is  the m an n er  in w hich  the w ave tra ins  propagate  d ow n strea m : by 
fo rm in g  antidunes at the dov /nstream  end of the tra in  and ob litera t in g  them 
at the u p stream  end. At a la ter  t im e t^ the tra in  of antidunes w ill  have 
p ropa gated  d ow n stream  to the p o s it io n  shown in f ig u re  4 - l b .  The
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(a)  I s o l a t e d  t r a i n  o f  s t a t i o n a r y  w a v e s  and  a n t i d u n e s  at t i m e  t1.
(b)  S t a t i o n a r y  w a v e s  and  a n t i d u n e s  o f  f i g u r e  (a)  at t i m e  t 2 > t1. 
N o t e  d o w n s t r e a m  p r o p a g a t i o n .
( c )  T y p i c a l  t r a i n  o f  s t a t i o n a r y  w a v e s  an d  a n t i d u n e s  w i t h  a m p l i t u d e s  
th at  i n c r e a s e  t o w a r d  the c e n t e r  o f  the t r a i n .
F i g .  4 - 1 .  P r o f i l e s  o f  s t a t i o n a r y  w a v e s  an d  a n t i d u n e s .
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m e ch a n ism  at the d ow n stream  end usually  w ork s  s ligh tly  fa s te r  s o  the 
length o f  the wave tra in  in c r e a s e s .  H o w e v e r ,  this e f fe c t  is  sm a ll .
This  is  ana logous to the group  v e lo c i ty  phenom enon  o b s e r v e d  
in tran s la t ion a l w a v e s .  If a tra in  o f  g ra v ity  w aves  p rop a gates  in  a s til l  
m ed iu m , it is  o b s e r v e d  that the lead ing  w aves  die  out and new  w aves 
appear  at the r e a r  o f  the tra in .  Th is  is  brought about by the rate of 
e n e rg y  p rop a gation  being  s lo w e r  than the w ave c e le r i t y .  In the c a s e  
o f  f lo w  o v e r  antidunes, the w aves  a re  m ov in g  u p strea m  re la t iv e  to the 
m ov in g  flu id . Thus the leading w ave o f  the tra in  is  at the u p stream  
end and this wave d is a p p e a rs .  M eanw hile  at the r e a r  of the wave tra in  
(the d ow n strea m  end) a new w ave a p p e a rs .
A ctua lly ,  the w ave ap p earan ce  w as o b s e r v e d  to be m o r e  like 
that shown in f ig u re  4 - l c .  The w ave am plitude in c r e a s e d  f r o m  the up ­
s tre a m  end o f  the tra in , re a ch e d  a m ax im u m  near the ce n te r  o f  the 
tra in , and then d e c r e a s e d  to the d ow n strea m  end o f  the tra in . The 
wave length w as the sam e f o r  all w a v e s .  No explanation  is g iven  f o r  the 
in c r e a s e  in w ave am plitude . The o v e r s im p l i f ie d  an a lys is  o f  s e c t io n  2 -6  
in d ica ted  that the w ave am plitude re m a in s  constant as the antidunes 
m o v e .  If this w e re  the c a s e ,  h o w e v e r ,  the w aves  w ould  n ever  attain 
the c r i t i c a l  am plitude f o r  break in g . W ave break in g , i f  any, o c c u r r e d  
n ear  the ce n te r  o f  the tra in  w h ere  the am plitude was the g re a te s t .
T o  an o b s e r v e r  at a f ix e d  lo ca t io n ,  the w aves  usually  gave the 
ap p earan ce  o f  in c r e a s in g ,  then d e c r e a s in g  in  am plitude, as was 
m en tion ed  s e v e r a l  t im e s  in s e c t io n  1 -2 .  Th is  ap p earan ce  w as due to 
the p ropa gation  past the o b s e r v e r  o f  a tra in  o f  w aves  with am plitudes 
that in c r e a s e d  tow a rd  the c e n te r  o f  the tra in , then d e c r e a s e d  to the 
u p stream  end o f  the train .
c .  W ave b r e a k in g . When the w aves  and antidunes re a ch e d  a
c e r ta in  l im it in g  height, one o r  m o r e  o f  the s ta tion ary  w aves  would 
b reak . The c r e s t  o f  the w ave m o v e d  u p stream  and c o l la p s e d  into the 
ad jacent w ave trough . An exa m p le  o f  w ave break in g  is  shown in f ig u re  
1 -2 .  D uring this break in g , there  w as an actual m o m e n ta ry  upstream  
m o v e m e n t  o f  a segm en t o f  the f low  and c o n s id e r a b le  s to ra g e  o f  water 
o c c u r r e d .  The a cco m p a n y in g  agitation  o f  the f lo w  o b l ite ra te d  the antidune
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under the w ave and, when the break ing  su bs ided , the bed soon  beca m e  
flat again . At v e lo c i t ie s  s m a l le r  than a c r i t i c a l  value that depended on 
the sand s iz e  and f lo w  depth, the break in g  o f  one w ave usually  did not 
p re c ip ita te  the break ing  o f  ad jacent w a v e s .  This  w il l  be c a l le d  " is o la te d  
b re a k in g " .  At g r e a te r  depths and v e lo c i t i e s ,  the break ing  wave often 
rushed  u p strea m  onto the ad jacent w ave , thus p rec ip ita t in g  its break ing . 
The w ater  s to ra g e  o c c u r r in g  in the r e g io n  o f  break ing  red u ced  the d i s ­
ch a rg e  to the ad jacent d ow n stream  w ave and this o ften  p re c ip ita te d  its 
b reak in g . In o ther  in s ta n ce s ,  s e v e r a l  ad jacent w aves  w ould  re a c h  their  
c r i t i c a l  am plitude and b re a k  s im u lta n eou s ly .  Th is  situation  in w hich two 
o r  m o r e  w aves  b rea k  at about the sam e tim e w il l  be c a l le d  "m ultip le  
b r e a k in g " .  A fter  break ing  o c c u r r e d  in a re g io n ,  the resu lt in g  re a ch  of 
f la t  bed  usually  d iv ided  the o r ig in a l  w ave tra in  into two se p a ra te  tra ins  
and p ropagated  d ow n stream  betw een  the two new tra in s .
The w aves  did not a lw ays d isa p p ea r  by break ing  or  propagating  
out of the re g io n .  Often s e v e r a l  ad jacent w aves  or  a w hole  tra in  of 
w aves w ould  spon taneously  d isa p p ea r  f o r  no apparent re a s o n .  The wave 
am plitudes  w ould  rap id ly  d im in ish  to z e r o  and the bed  and w ater  su r fa ce  
w ould  b e c o m e  flat.
d. T h r e e -d im e n s io n a l  s ta tion ary  w a v e s .  In m any runs, the
sta tion ary  w aves  and antidunes that f o r m e d  w e re  not of the c la s s i c a l  
tw o -d im e n s io n a l  f o r m  but w e re  s h o r t - c r e s t e d ,  th r e e -d im e n s io n a l  fe a tu re s .  
An exam ple  of such  w aves  is  shown in f ig u re  4 -1 3 .  T h ese  w aves w e re  
m o s t  c o m m o n  in  runs o f  G roup I ( c o a r s e r  sand). In G rou ps  2 and 3 
( f in er  sand) they often  o c c u r r e d  as s m a ll  th r e e -d im e n s io n a l  w aves s u p e r ­
p o se d  on la r g e r  tw o -d im e n s io n a l  w aves  and w e re  usually  not the dom inant 
wave f o r m .  T h ese  w aves  are  te r m e d  " r o o s t e r  t a i l s "  s in ce  in appearance  
they are  not unlike the s o - c a l l e d  r o o s t e r  ta ils  w h ich  f o r m  behind rac in g  
h y d rop lan es .  A s  w as d is c u s s e d  in se c t io n  2 -7 ,  they r e p r e s e n t  a s u p e r ­
p os it ion  o f  a tran s la t ion a l wave in the d ir e c t io n  of f lo w  and a standing 
wave n o rm a l to the f lo w . The resu ltant w ave is  s ta tionary  s in ce  its 
c e le r i t y  is  ju s t  equal to the f lo w  v e lo c i ty .
The r e a s o n  that the w a te r -s a n d  s y s te m  a s su m e s  this c o n f ig u ­
ration  in p r e fe r n c e  to tw o -d im e n s io n a l  w aves  is  not at a ll c l e a r .  A
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s im i la r  phenom enon  in the c a s e  o f  standing w aves  has been  r e p o r te d  by 
T a y lo r  (26). He too  w as at a lo s s  to exp la in  why the w aves  a ssu m e a 
th r e e -d im e n s io n a l  f o r m .  In f lo w  o v e r  antidunes, the r o o s t e r  tails  
apparently  o c c u r r e d  as a d egen era te  f o r m  o f  tw o -d im e n s io n a l  w a v e s .  
F o r  e xa m p le ,  tw o -d im e n s io n a l  w aves  gen era ted  by the d i f fu s e r  inlet 
o f  the f lum e w ould  p e r s i s t  f o r  s e v e r a l  w ave leng th s . Then the w aves 
s e e m e d  to b e c o m e  unstable and any sm a ll  d is tu rb a n ce ,  such  as a 
sm a ll  sh ock  w ave r e f le c t e d  o ff  the f lu m e  w all ,  would ca u se  them  to 
d egen era te  into r o o s t e r  ta ils .  This chain  of events can  be se e n  in 
f ig u re  4 - 2 .  R o o s te r  ta ils  a lso  e m e r g e d  w h en ever  a tw o -d im e n s io n a l  
w ave b e c a m e  in c l in ed  to  the d ir e c t io n  of f lo w . As the antidunes p r o p a ­
gated d ow n strea m , r o o s t e r  ta ils  gave r i s e  to s u c c e s s iv e  r o o s t e r  ta ils .  
A pparently  a r o o s t e r  tail is  a m o r e  stable  con fig u ra t io n  than a tw o -  
d im en s ion a l wave or  e ls e  the tw o -d im e n s io n a l  w aves  w ould  not tend to 
b e c o m e  th r e e -d im e n s io n a l .
F ig u r e s  4 -2  and 4 -1 3  give  the im p r e s s io n  that the w alls  of the 
flum e a re  n e c e s s a r y  to support the t r a n s v e r s e  standing w ave com pon en t 
o f  the r o o s t e r  ta i ls .  That such  is  not the c a s e  is  c l e a r ly  seen  in f ig u re  
4 -3  w hich  show s an is o la te d  tra in  o f  r o o s t e r  ta ils  in a f lu m e w hich  is 
e ig h t - fe e t  w ide . T h ese  r o o s t e r  ta ils  w e re  c e r ta in ly  not in flu en ced  by 
the f lum e w a l ls .  The boundary  con d it ion  on the s id es  o f  these w aves  is 
o b v io u s ly  not the sam e as that at the v e r t i c a l  w alls  when standing w aves  
o c c u r  in a c l o s e d  bas in .  It is p erhaps  m o r e  analogous to the boundary 
con d it ion  at the top o f  an o p e n -e n d e d  o rg a n  pipe; i. e. , the s id es  o f  the 
r o o s t e r  ta ils  m ay  in te r s e c t  the m ean  w ater  s u r fa c e  le v e l  at nod es .  
R o o s te r  ta ils  a ls o  o c c u r r e d  in m ultip le  tra ins  w h ich  w e r e  ad jacent or  
sep a ra ted .  Such tra ins  of w aves  are  shown in f igu re  4 - 4 .  An exam ple  
of the f o r m  of the bed  under r o o s t e r  tails  is  shown in f ig u re  4 -1 1 .  The 
shape o f  the bed  is  se e n  to be th r e e -d im e n s io n a l  in the sam e gen era l  
f o r m  as the r o o s t e r  ta ils .
A s the ir  am plitudes  in c r e a s e d ,  the c r e s t s  of the r o o s t e r  ta ils  
b e c a m e  d is tu rb ed  and show ed  signs o f  b reak in g . Th is  appearance  w ould  
often p e r s i s t  f o r  30 s e co n d s  or  lo n g e r .  The d ow n stream  r o o s t e r  tail 
o f  f ig u re  4 -3  i l lu s tra te s  this e f fe c t .  It can  a lso  be seen  in f ig u r e s  4 -1 0 c  
and 4 - 13b. In addition, r o o s t e r  ta ils  o ften  had an o s c i l la t io n  betw een
F i g .  4 - 2 .  T o p  v i e w  l o o k i n g  u p s t r e a m  s h o w i n g  g r o w t h  
o f  r o o s t e r  t a i l s  f r o m  t w o - d i m e n s i o n a l  w a v e s . R u n 4 - 7 ,  
d = 0. 195 f t ,  V  = 3. 14 f t / s e c ,  F  = I .  25,  0.  233 m m  
s a n d ,  6 0 - f o o t  f l u m e .
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F i g .  4 - 3 .  U p s t r e a m  v i e w  o f  an i s o l a t e d  t r a i n  o f  
r o o s t e r  t a i l s  in  an  8 - f t  w i d e  f l u m e . d = 0. 279 ft ,
V =  2 . 5 0  f t / s e c ,  F =  0 . 8 2 ,  L =  1 . 5 9  ft ,  Dg = 0 . 5 4 6
m m .  ( P h o t o g r a p h  c o u r t e s y  o f  C o l o r a d o  State  
U n i v e r s i t y . )
F i g .  4 - 4 .  D o w n s t r e a m  v i e w  s h o w i n g  m u l t i p l e  
t r a i n s  o f  r o o s t e r  t a i l s .  R u n  4 - 1 1 , d = 0. 148 ft ,  
V  = 2 . 7 4  f t / s e c ,  F  = 1 .26,  G  =  1 6 . 6  l b / f t - m i n , fb 
= 0 . 0 3 9 7 ,  L  = 1 .45 ft ,  0 . 2 3 3  m m  s a n d ,  6 0 -
f o o t  f l u m e .
75
ad jacent u p stream  and d ow n stream  w a v e s .  The peaks of the w aves  would 
bob up and down, ad jacent w aves  being 180° out of p hase . This  too  was 
m o r e  c o m m o n  as the w aves  b e c a m e  h ig h er .  F o r  la ck  o f  a better  w ord , 
the te rm  sk ittish  is  app lied  to these  o c c a s io n a l  e r r a t i c  types  o f  b e h a v io r .
e. A  l im it in g  f lo w  con d it ion . A bove  a c e r ta in  c r i t i c a l  v e lo c i ty
w hich  apparently  depended  on the depth o f  f lo w  and sand s iz e ,  the anti­
dune type o f  f lo w  gave w ay to the to r re n t ia l  type of f lo w  shown in f igu re  
4 - 5 .  The f lo w  pattern  c o n s is t e d  o f  r e a c h e s  o f  s u b c r i t i c a l  f lo w  on top of 
sand m ounds , chutes , and h ydrau lic  ju m p s  rep ea ted  in a s e m i - r e g u la r  
s e q u e n ce .  The w hole  co n fig u ra t io n  m o v e d  u p strea m  at a rate  o f  s e v e r a l  
fe e t  per  m inute and the shape and sp a c in g  o f  the la rg e  sand m ounds 
changed  rap id ly  during this m o v e m e n t .  The f lo w  pattern  was p r e d o m i ­
nantly tw o -d im e n s io n a l .  The f low  w as so  c o m p le x  that e v e r y  im agin able  
open channel phenom enon  cou ld  be o b s e r v e d  in the f lu m e]
In this f low , the sed im en t  tra n s p o r t  rate was s o  high that no 
o r d e r ly  pattern  o f  d i f fe re n t ia l  d e p o s it io n  cou ld  o c c u r .  The f lo w  a c ­
c e le r a te d  as it d e sce n d e d  a sand chute and its sed im en t  t ra n sp o r t  cap ac ity  
b e c a m e  so  high that it s c o u r e d  the bed c o m p le te ly  away and e x p o se d  the 
s tee l bottom  (s e e  f ig u re  4 -5 b ) .  When the f low  re a ch e d  another sand 
m ound, it rap id ly  d e c e le r a te d  and d e p o s ite d  m u ch  o f  its  sed im ent load  on 
the u p stream  fa ce  of the m ound. On the top of the m ound the f lo w  was 
s u b c r i t i c a l .  On re a ch in g  the d ow n stream  end o f  a m ound, the f low  again 
a c c e le r a t e d  and e r o d e d  away the d ow n stream  fa c e .  When a jum p o c c u r r e d  
at the b a se  o f  a sand chute, a sm a ll  sand m ound like the one show n in 
f igu re  4 -5 a  re su lte d .
Run 4 -6  shown in f ig u re  4 -5  used  the fine  sand (D = 0. 233 m m ).
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A run w h ich  had a la r g e r  v e lo c i ty ,  depth and F rou d e  num ber but used  the 
0 .5 4 9  m m  sand (Run 5 -5 )  had a m u ch  lo w e r  tra n sp o r t  rate and v e ry  
m o d e ra te  wave act iv ity  and s u r fa ce  w aves  w h ich  b rok e  only o c c a s io n a l ly .  
Th is  i l lu s tra te s  the p ro fou n d  e f fe c t  the s iz e  and tra n sp o r ta b il i ty  o f  the 
sand can  have on the b e h a v io r  o f  the f low .
Only one run with the to r re n t ia l  type of f low  was c a r r i e d  out. 
When this f lo w  con d it ion  w as en cou n tered  with o th er  runs they w e re  d i s ­
continued . No s y s te m a t ic  set of e x p e r im e n ts  w as m ade at v e r y  high
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(a)  S i d e  v i e w  s h o w i n g  i s o l a t e d  s a n d  m o u n d .  F l o w  f r o m  r i g h t  to  l e f t .
(b)  S i d e  v i e w  s h o w i n g  e n d  o f  s a n d  c h u t e  an d  e x t r e m e  b e d  s c o u r .  
F l o w  f r o m  r i g h t  to  l e f t .
( c )  T o p  v i e w  l o o k i n g  u p s t r e a m . (d)  T o p  v i e w  l o o k i n g  d o w n s t r e a m .
F i g .  4 - 5 .  T o p  an d  s i d e  v i e w s  s h o w i n g  t o r r e n t i a l  t y p e  o f  f l o w .  
R u n  4 - 6 .  d = 0 . 2 1 8  f t ,  V  = 3. 29 f t / s e c ,  F  = 1 .24 ,  G = 156 
l b / f t - m i n ,  f b  = 0 . 1 1 5 ,  0 . 2 3 3  m m  s a n d ,  60 - f o o t  f l u m e . ( N o t e :
D a t a  g i v e n  i n  f i g u r e s  c an d  d a r e  no t  c o r r e c t . )
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F ro u d e  n u m bers  to de lineate  the depth and v e lo c i ty  com b in a t ion  at w hich 
this con d it ion  o c c u r s .
4 - 3 .  O b serv a t ion s  o f  B ed  and W ater S u rface  C on figurations
P r a c t i c a l ly  e v e r y  run had s o m e  bed and w ater  s u r fa c e  fea tu res  
w h ich  w e re  p e c u l ia r  to that run. T o  d e s c r ib e  e v e r y  run c o m p le te ly  
w ould  be som ew h at ted ious  and o f  questionable  va lue . On the other hand, 
c la s s i fy in g  the runs into f ixed  c a t e g o r ie s  would d is r e g a r d  m any fea tu res  
w hich  are  e s se n t ia l  to the understanding o f  the la b o r a to r y  s tr e a m . To 
avo id  the d i f f icu lt ie s  and s til l  re ta in  the b e s t  fe a tu re s  of ea ch  of these 
a p p ro a ch e s ,  a c o m p r o m is e  w il l  be m ade . F ir s t ,  a s y s te m a t ic  set o f  
runs f r o m  G rou ps  I and 2 w il l  be d is c u s s e d  in d eta il  and i l lu s tra ted  
with photographs  to g ive  the r e a d e r  a defin ite  c o n ce p t  of the d ifferen t  
co n fig u ra t io n s .  Then, s e v e r a l  c a t e g o r ie s  o f  beh a v ior  w il l  be defined 
and a su m m a ry  of the con fig u ra t ion  f o r  a ll  runs w il l  be p re se n te d  in 
te r m s  of these  c a t e g o r ie s .  The m e a s u r e d  w ave lengths and wave 
am plitudes  at break in g  w il l  a lso  be p re se n te d  and the ranges  o f  depth 
and v e lo c i ty  o v e r  w h ich  the d i f fe re n t  con fig u ra t ion s  o c c u r r e d  w ill  be 
d is c u s s e d .  At the end o f  the se ct io n ,  a su m m a ry  o f  o b s e rv a t io n s  and 
c o n c lu s io n s  re la t iv e  to the f lo w  con fig u ra t ion  w il l  be p re se n te d .
a. E x a m p le s  o f  bed  and w ater  s u r fa ce  con figu ra t ion s  of e x p e r i - 
m ents  f r o m  G roup  L The g e n e ra l  outline fo l lo w e d  in this d is c u s s io n  and 
the d is c u s s io n  o f  runs f r o m  G roup  2 w il l  be the sam e as that o f  the e x ­
p e r im e n ta l  p r o g r a m .  F o r  a depth o f  about 0 .1 5  ft, the f lo w  beh avior  
w il l  be d e s c r ib e d  as the F ro u d e  n um ber in c r e a s e s  f r o m  about 0 .7 5  to 
2 .0  f o r  the c o a r s e  sand and I. 5 f o r  the fine sand. In addition, c o m ­
p a r iso n s  w il l  be m ade  with runs o f  other depths to i l lu s tra te  the e f fe c t  
o f  depth va ria tion .  The runs d is c u s s e d  in e x a m p le s  I through  6 used
Sand I (D = 0 .5 4 9  m m ).  
gE xam ple  I .  Run 5 -2 .  d = 0. 148 ft, V = I. 65 f t / s e c ,  F  = O. 75, 
f b = 0 .0 7 0 3 ,  G = I .  54 l b / f t - m i n ,  L = 0 . 5 8  ft* .  See f ig u re  4 - 6 .  The
* Note: d = depth o f  f low , ft; V = m ean  v e lo c i ty ,  f t / s e c ;  F  = F rou d e  
num ber ; f^ = bed  f r i c t i o n  fa c to r ;  G = sed im en t  t ra n sp o r t  ra te ,  l b / f t - m in ;  
L = w ave length, ft.
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bed fe a tu re s  w e re  s h a r p - c r e s t e d ,  ea ch  had a sep a ra tion  eddy on its 
lee  s ide , and they m o v e d  d ow n strea m  quite rap id ly  (3 to 6 in /m in ) .
T h ese  fe a tu re s  w ould  be c la s s i f i e d  as dunes. The w ater s u r fa c e  was 
usually  ra n d o m ly  choppy . At other t im e s  s m a ll ,  v e r y  n a rro w  r o o s t e r  
ta ils  f o r m e d  and m o v e d  d ow n stream  in groups  o f  f i f te e n  to twenty. The 
w aves  n ev er  b r o k e .  T h ey  e ither  d im in ish ed  spon taneously  o r  m o v e d  to 
the d ow n stream  end o f  the f lu m e .  The coup ling  betw een  the bed  and w ater  
su r fa ce  was w eak s in ce  the bed fe a tu re s  and s u r fa ce  w aves  usually  
e x is ted  independently  of e a ch  other .
E xam p le  2. Run 5 -1 .  d = 0. 346 ft, V = 2. 58 f t / s e c ,  F  = 0. 77, 
f^ = 0. 0746, G = 7. 25 lb / f t - m i n ,  L =  I .  25 ft .  See f ig u re  4 - 7 .  A  c o m ­
p a r is o n  o f  this run and Run 5 -2  (exa m p le  I) show s the e f fe c t  o f  in c re a s in g  
the depth w hile  keeping the F rou d e  n um ber n e a r ly  constant. The bed 
fe a tu re s  o f  Run 5 -1  w e re  la r g e r  and m o r e  rounded  than the dunes o f  Run 5 - i  
and m o v e d  d ow n stream  fa s te r  (at about I f t /m in ) .  The in c r e a s e d  sed im ent 
t ra n sp o r t  rate  m ade p o s s ib le  the fo r m a t io n  o f  these  la r g e r  bed  fe a tu r e s .
The su r fa ce  w aves  w e re  a lso  la r g e r  and m o r e  n e a r ly  tw o -d im e n s io n a l ,  
and is o la te d  break ing  w as freq u en tly  o b s e r v e d  (se e  f ig u re  4 - 7 c ) .  When 
a wave b rok e  the ag itation  a ccom p a n y in g  it w ou ld  p e r s i s t  f o r  ten or  
f i fte e n  s e co n d s ,  and the bed fe a tu re s  in the v ic in ity  o f  the break ing  
r e v e r te d  to s h a r p - c r e s t e d  dunes. The bed  fe a tu re s  and the w ater  su r fa ce  
w e re  s tron g ly  cou p led  s in ce  ea ch  bed  fea tu re  w as a c co m p a n ie d  by a 
s ta tion ary  w a v e . The bed  fe a tu r e s ,  unlike those o f  Run 5 -2 ,  w e re  d e fin ite ly  
antidunes under the defin ition  g iven  in chapter  I .  It was found to be 
g e n e ra l ly  true that f o r  a constant F ro u d e  n u m ber , the amount o f  w ave 
activ ity  in c r e a s e d  with depth.
In this run (and a ls o  Run 5 -2 ,  exam p le  I) the fa c t o r s ,  w hatever  
they m ay  be , that g o v e r n  the f o r m  o f  the bed w e re  such  that dunes 
f o r m e d .  Due to the rather  high F rou d e  n u m ber , the d is tu rb a n ces  
ca u se d  by the dunes re su lte d  in the fo rm a t io n  o f  su r fa ce  w a v e s .  The 
p ertu rbation  v e lo c i t ie s  a ccom p a n y in g  these w aves  a cted  on the dunes 
and ca u se d  them  to b e c o m e  la r g e r  and m o r e  rounded  and sinuous as 
shown in f ig u re  4 - 7 c .  (In e xa m p le  I, the p ertu rb a tion  v e lo c i t ie s  w e re  
not s tron g  enough at the le v e l  o f  the bed  to  have m uch  e f fe c t  on the dunes. ) 
Thus the d is tu rb a n ce s  w h ich  ca u se d  the w a v e s ,  w h ich  in turn acted  on
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the dunes to g ive them a sinuous f o r m ,  or ig in a ted  at the bed . At h igher 
v e lo c i t ie s ,  the d is tu rb a n ces  or ig in a ted  at the su r fa ce  (s e e  exam p le  4).
E xam ple  3. R un 5 -1 0 .  d = 0. 15 0 , V = 2 .1 9  f t / s e c ,  F = 1 .0 0 ,  
f^ = 0. 0580, G = 4. 68 lb / f t - m i n ,  L  = 0. 85 ft. See f ig u re  4 - 8 .  The 
ir r e g u la r  fo r m  of the bed  shown in f ig u re s  4 -8a , b in d ica tes  that this is 
another c a s e  in w hich  the d is tu rb a n ces  o r ig in a ted  f r o m  dune-type  fea tu res  
on the bed. The bed  fe a tu re s  m o v e d  d ow n strea m  with a v e lo c i ty  of l e s s  
than 2 in /m in .  The su r fa ce  w aves  w e re  usually  r o o s t e r  ta ils  that w ere  
quite sk ittish  and had o c c a s io n a l  is o la te d  b reak in g . The bed  fea tu res  
w e re  usua lly  a c co m p a n ie d  by s u r fa c e  w aves  w h ich  o c c a s io n a l ly  a cted  on 
the bed  to f o r m  rounded antidunes as shown in f ig u re  4 - 8 c .  The coup ling  
betw een  the bed and w ater  s u r fa ce  w ould  be d e s c r ib e d  as m o d e ra te .
In Run 5 -7  (F  = I. 19, d = 0. 147 ft, not shown) the i r r e g u la r  
dune-type  fe a tu re s  w e re  b a re ly  p e r c e p t ib le .  In Run 5 -4  (F  = 1 .2 5 ,  
d = 0. 150 ft, not shown) they no lon g er  cou ld  be seen . Th is  im p lie s  that 
without the c o m p lic a t io n  o f  su r fa ce  w aves  the bed  f o r m  w ould  change 
from  dunes to flat at about F  = I .  2 when the depth is  a p p ro x im a te ly  
0 .1 5  ft. Without the dunes p re se n t  to in itiate s u r fa ce  d is tu rb a n ce s ,  it 
was found that two d ist in ct  f lo w  con fig u ra t ion s  w e re  p o s s ib le  f o r  ea ch  
v e lo c i ty  and depth. Th is  is  the n on -u n iqu en ess  w hich  w as m entioned  in 
se c t io n  4 -2 a .  Runs 5 -1 6  and 5 -17  w il l  be used  to i l lu s tra te  this p h e n o m ­
enon. The upper l im it  o f  depth and v e lo c i ty  above w hich  only one f lo w  
con fig u ra t ion  is  again p o s s ib le  w il l  be d is c u s s e d  in part d o f  this s e ct ion .
E xam p le  4. Run 5 -1 6 .  d = 0 .1 5 4  ft, V = 3 . 4 5 f t / s e c ,  F  = 1 .5 5 ,  
f^ = 0. 0383, G = 22. 5 l b / f t - m i n .  See f ig u re  4 -9 .  Run 5 -1 7 .  d = 0. 146 ft, 
V = 3. 56 f t / s e c ,  F  = 1 .6 4 ,  f = 0. 0396, G = 20. 6 l b / f t - m in ,  L = 1 . 6 7  ft. 
See f ig u r e s  4 -1 0  and 4 -1 1 .
If the s lu ice  gate o f  the b o x  in let w as ad justed  to adm it the f low  
to the f lum e with v e ry  litt le  d istu rba n ce  (s e e  f igu re  4 -1 2 a ) ,  the bed and 
w ater  s u r fa ce  re m a in e d  fla t  o v e r  the en tire  flum e length. This  cond it ion  
is  shown in f ig u re  4 - 9 .
When one or  m o r e  8 -m e s h  s c r e e n s  w e re  p la ce d  dow n stream  
f r o m  the s lu ice  gate, the w ater  s u r fa c e  was g iven  a s m a ll  d is tu rba n ce  
as it e m e r g e d  f r o m  the s c r e e n  as shown in f igu re  4 -1  2b. Th is  d i s ­
turbance  ca u se d  the fo rm a t io n  of a tw o -d im e n s io n a l  s ta tion ary  wave and
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F i g .  4 - 6 .  S i d e  v i e w s  o f  f l o w  c o n f i g u r a t i o n
f o r  R u n  5 - 2  (t e x t  e x a m p l e  1 ) .  d = 0. 148 ft ,
V  = 1 .65 f t / s e c ,  F  = 0 . 7 5 ,  G = 1 .54  l b / f t - m i n ,
f b = 0 . 0 7 0 3 ,  L  = 0.  58  f t .
F i g .  4 - 7 .  S i d e  v i e w s  o f  f l o w  c o n f i g u r a t i o n
f o r  R u n  5 - 1  ( t e x t  e x a m p l e  2 ) .  d = 0 . 3 4 6  f t ,
V  = 2. 58 f t / s e c ,  F  = 0 . 7 7 ,  G = 7. 25 l b / f t - m i n ,
f b = 0.  0 7 4 6 ,  L =  1 . 25 f t .
(a ,  b ,  c )  S i d e  v i e w s .
(d) T o p  v i e w  l o o k i n g  d o w n s t r e a m .
F i g .  4 - 8 .  S i d e  v i e w s  an d  t o p  v i e w  o f  f l o w  c o n f i g u r a t i o n  f o r  
R u n  5 - 1 0  ( t e x t  e x a m p l e  3) .  d = 0 . 1 5 0  ft ,  V  = 2 . 1 9  f t / s e c  , 
F  = 1 .00 ,  G = 4 . 6 8  l b / f t - m i n ,  f b  = 0 . 0 5 8 0 ,  L  = 0. 85 ft .
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Fig .  4 - 9 .  Side v iew  of  f l ow  con f igurat ion  f o r  Run 5 -16  
(text exam ple  4). d = 0 . 1 5 4 f t ,  V = 3 .45  f t / s e c ,  F  = 1 .55 ,  
G = 22 .5  l b / f t - m i n ,  f b = 0.0 383. C o m p a r e  with Run 5 -17
( f igure  4 -10 )  which  had induced stationary w aves  and anti-  
d u n es .
(a ,  b,  c )  S i d e  v i e w s .
(d)  T o p  v i e w  l o o k i n g  d o w n s t r e a m .
F i g .  4 - 1 0 .  S id e  v i e w s  an d  t o p  v i e w  o f  f l o w  c o n f i g u r a t i o n  f o r  
R u n  5 - 1 7  ( t e x t  e x a m p l e  4 ) .  d = 0 . 1 4 6  ft ,  V  = 3 . 5 6  f t / s e c ,  
F  = 1 . 6 4 ,  G = 2 0 . 6  l b / f t - m i n ,  f b  = 0 . 0 3 9 6 ,  L =  1 . 6 7  f t .
C o m p a r e  w i t h  R u n  5 - 1 6  ( f i g u r e  4 - 9 )  w h i c h  d i d  n o t  h a v e  i n ­
d u c e d  s t a t i o n a r y  w a v e s  and  a n t i d u n e s .  S e e  f i g u r e  4 - 1 1  f o r  
v i e w  o f  b e d  c o n f i g u r a t i o n .
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Fig .  4 -1 1 .  Side v iew s  of bed con f igurat ion  under r o o s t e r  
tails of  Run 5 -17  (see  f igu re  4 -1 0 ,  text exam ple  4). The 
f lum e has been le v e le d  and part ia l ly  drained.
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Sluice gate
(a) Channel entrance  with 
s lu ice  gate ad justed  to a d ­
m it  the f low  with m in im a l 
d is tu r b a n c e .
(b) Channel en trance  with s c r e e n s  
d ow n stream  f r o m  s lu ice  gate to 
gen era te  an in itia l s ta tion ary  wave 
and antidune.
F ig .  4 -1 2 .  E f fe c t  of f lo w  d istu rba n ce  at the f lu m e 
entrance  on bed  and w ater  su r fa ce  con figu ra t ion s .
a ccom p a n y in g  antidune f r o m  w h ich  s ta tion ary  w aves  and antidunes 
propa gated  d ow n stream  in the m anner d e s c r ib e d  in se c t io n  4 - 2 .  At 
s ix  to eight w ave lengths d ow n stream  f r o m  the s c r e e n ,  the tw o -  
d im en s ion a l  w aves  d e g e n e ra te d  into r o o s t e r  ta ils  and the resu lt in g  f low  
con fig u ra t io n  is  shown in f ig u re  4 -1 0 .  When the s c r e e n s  w e re  re m o v e d ,  
the w aves  propa gated  d ow n stream  out o f  the flum e and the f low  again 
b e c a m e  u n ifo rm .
In Run 5 -1 7 ,  the w aves  n e v e r  b rok e  and had no n o t icea b le  m o v e ­
m ent. H ow ev er ,  they v /ere  e x t r e m e ly  sk ittish  (see  f ig u re  4 -1 0 b ,  c ) .
At random  in te rv a ls ,  two o r  th ree  w aves  w ould  fa i l  to m ake the t r a n s ­
f o r m a t io n  f r o m  tw o -d im e n s io n a l  w aves  to r o o s t e r  ta ils  and instead, 
d im in ish ed  and d isa p p e a re d .  Then, be low  about station  ten the w aves  
p ropagated  past a g iven  point in tra ins  o f  f ive  to ten w aves  sep a ra ted  by 
sh ort  r e a c h e s  o f  un iform  f lo w .
In f igu re  4 -1 0 d ,  the lighting is  such that the in tr ica te  f low  
pattern  o v e r  r o o s t e r  ta ils  can  be seen . The f low  a ltern ate ly  c o n v e r g e d  
tow ard  the peaks of the r o o s t e r  ta ils  and then d iv e r g e d  away f r o m  the 
flum e ce n te r l in e  at the trou gh s .  Th is  a ltern ate ly  co n v e rg in g  and d i ­
verg in g  f low  c a u se d  the bed  to a ssu m e  the th r e e -d im e n s io n a l  con f igu ra t ion
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shown in f ig u re  4 -1 1 .  The sm a ll  p o o ls  o f  w ater shown in f ig u re  4 -1 1  
give  an ind ica tion  of the con tou rs  of the antidunes. The bed had the 
sam e g e n e ra l  th r e e -d im e n s io n a l  f o r m  as the su r fa ce  w a v e s ,  but the 
antidunes w e re  not as high and their  c r e s t s  w e re  not as  sharp .
F ig u re  4 -1 0 c  show s an in te re s t in g  d e m o n stra t io n  that r o o s te r  
ta ils  a re  a su p e rp o s it io n  o f  w aves  in two d if fe re n t  d ir e c t io n s .  At the 
ce n te r l in e  o f  the f lu m e ,  the am plitudes  o f  the two w aves  add to g ive the 
high, peaked  r o o s t e r  ta ils  and deep troughs . At the w a lls  o f  the f lu m e, 
the am plitudes  are  o f  op p os ite  sign and the s u r fa ce  p r o f i le  is n ea r ly  f la t .
E xam p le  5. Run 5 -8 .  d = 0. 147 ft, V = 4. 27 f t / s e c ,  F = 1 .9 6 ,  
f b = 0 .0 3 3 0 ,  G = 4 3 .4  l b / f t - m i n ,  L =  2. 15 ft. See f ig u re  4 -1 3 .  The 
w ater  s u r fa c e  had tra ins  o f  v e r y  la rg e  r o o s t e r  ta ils  sep a ra te d  by re a ch e s  
in w hich  the bed  and w ater  s u r fa ce  w e re  flat:. The individual w aves  and 
aniidunes m o v e d  v e r y  s lo w ly  u p s ire  am . The w aves  w e r e  v e r y  skittish  
and iso la te d  break in g  f re q u e n ily  o c c u r r e d  (se e  f igu re  4 - 1 3 c ) .  A t ihis 
d ep th and v e lo c i ty ,  it: was found im p o s s ib le  to prevent: la rg e  d istu rba n ces  
at the d i f fu s e r  in let and the uniqueness of the f lo w  co n fig u ra t io n  cou ld  not 
be in vest iga ted . H ow ev er ,  at this high tra n sp o r t  ra te , even  v e r y  sm a ll  
d is tu rb a n ce s  re su lte d  in s ign if icant d if fe ren t ia l  d ep os it ion  and th e re fo re  
antidunes and sta tion ary  w aves  w e r e  p ro b a b ly  the only p o s s ib le  c o n f ig u r a ­
tion f o r  this f low .
No co m p le te  runs w e r e  m ade at this depth (a p p ro x im a te ly  0 .1 5  ft) 
with h igher  F ro u d e  n u m b e rs .  A  r e c o n n a is s a n ce  with this depth at 
h igher v e lo c i t ie s  in d ica ted  that the f lo w  b e ca m e  to r re n t ia l  as d e s c r ib e d  
in s e c t io n  4 -2 e  at: about: F = 2. 25.
E xam p le  6 . Run 5 -1 4 .  d = 0. 123 f t , V = 4. 65 f t/ s e c ,  F  = 2. 34, 
f b = 0. 0349, G = 76. 8 l b / f t -m in , L  = 2. 65 f t . See f ig u r e s  4 -1 4  and 
1 -2 .  Th is  run had fhe highest: F ro u d e  n um ber in v est iga ted .  It is  inc luded  
in ih is  d is c u s s io n  s in ce  it: is  the on ly  run in G roup  I w ith a F rcu d e  num ber 
g r e a te r  than unity f o r  w hich  the w aves  w e re  p red om in a n tiy  two -d im e n s io n a l .
The antidunes and w aves  m o v e d  u p s fre a m  at; about: I. 7 f t/m in .  
Violent: w ave break ing  o c c u r r e d  f re q u e n ily ,  but: the break ing  of one w ave 
s e ld o m  p re c ip ita te d  the break ing  of ano ih er. A p p aren tIy the w aves  w e re  
too  ia r  apart: i o r  one w ave to be a f fe c te d  by ihe break ing  o i  an adjacent: 
w ave . An antidune was c o m p le te ly  ob l ite ra te d  when ihe w ave above it
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b rok e  and the resu lt in g  f la t  bed p rop a gated  d ow n strea m  betw een  ad jacent 
tra ins  of w a v e s .
Although the w aves  w e re  p red om in a n tly  tw o -d im e n s io n a l ,  there  
w as so m e  peaking at the ce n te r l in e  o f  the f lu m e ,  as shown in f igu re  
4 -1 4 b ,  w hich  in d ica ted  the p r e s e n c e  of a r e la t iv e ly  s m a ll  t r a n s v e r se  
w ave. T h e se  r o o s t e r  tail e f fe c ts  w e re  quite sm a ll  c o m p a r e d  to the tw o -  
d im e n s io n a l  w a v e s .
b. E x a m p le s  o f  bed  and w ater  s u r fa ce  con figu ra t ion s  of runs
f r o m  G roup 2 . A s in the p r e ce d in g  d is c u s s io n ,  the d e s c r ip t io n s  w il l  
re cou n t  the bed and w ater  s u r fa c e  b e h a v io r  o f  a s e r ie s  o f  runs with a 
depth o f  about 0. 15 ft  as the F ro u d e  nu m ber  in c r e a s e s  f r o m  F  = O. 70.
The runs in the fo l lo w in g  e x a m p le s  used  Sand 2 (D = 0. 233 m m ).
E x am p le  7 . Run 4 -2 5 .  d = 0 .1 5 7  ft, V = 1 .57  f t / s e c ,  F  = 0. 70, 
f b = 0. 0448, G = 0. 68 lb / f t - m i n ,  L  = 0. 60 ft .  See f ig u re  4 -1 5 .  This  run 
had n e a r ly  the sam e depth and v e lo c i ty  as Run 5 - 2  (exam p le  I ) .  The 
dunes w hich  f o r m e d  on the bed  w e re  not as high or  as w e l l  defined  as 
those o f  Run 5 -2 ,  but they m o v e d  d ow n stream  fa s t e r .  O c c a s io n a l ly  the 
su r fa ce  w aves  w e re  p redom in a n tly  tw o -d im e n s io n a l ,  as shown in f igu re  
4 -1  5c , but r o o s t e r  ta ils  o r  a ran d om ly  choppy  pattern  w e re  m o r e  c o m m o n .  
O th erw ise ,  the bed and w ater  s u r fa c e  con figu ra t ion s  of this run w ere  
v e r y  s im i la r  to those o f  Run 5 -2  (exam p le  I) .  It is  in terest in g  that 
Run 5 -2  had the h igh er  t ra n sp o r t  rate even  though it used  a c o a r s e r  sand.
E xam p le  8, Run 4 -2 4 .  d = 0. 147 ft, V = 2. 26 f t / s e c ,  F  = I. 04, 
f b = 0 .0 2 9 1 ,  G = 2 .5 2  l b / f t - m i n ,  L = 0 . 91  f t .  See f ig u re  4-16. Up- 
s ir e a m  f r o m  s fa fion  28, ihe bed  and w a fer  s u r fa c e  w e re  a lw ays f la i .
B e low  s fa fion  28, s m a ll  r o o s t e r  ia i ls  and antidunes f o r m e d  p e r io d ic a l ly .  
T h ese  m o v e d  upst re a m  v e r y  s low ly  and n e v e r  b r o k e .  The o r ig in  of ihe 
s u r fa c e  w aves  was nof c l e a r  in this c a s e .  It ap p ears  that the d istu rban ce  
at; the d ow n sirea m  end o f  the f lum e (one 8 -m e s h  s c r e e n  w as used  at: the 
outle t) ca u se d  a ira in  of w aves  to f o r m .  The am pliiude  o f  fh ese  w aves  
d e c r e a s e d  in fhe u p s fre a m  d ir e c t io n  and the w aves cou ld  n e v e r  be seen  
u p s ire a m  f r o m  sfation  28. T h ese  w aves  c a u se d  ihe fo rm a t io n  of an ti-  
dunes and fhe resu lt in g  sta tion ary  w aves  and antidunes then propagated  
d o w n s ire a m  and ihe bed  and w ater  s u r fa c e  b e c a m e  i la f  again . The p r o c e s s
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(d)  T o p  v i e w  l o o k i n g  d o w n s t r e a m .
F i g .  4 - 1 3 .  S i d e  v i e w s  an d  t o p  v i e w  o f  f l o w  c o n f i g u r a t i o n  
f o r  R u n  5 - 8  ( t e x t  e x a m p l e  5 ) .  d  = 0 . 1 4 7  f t ,  V = 4 . 2 7  f t / s e c ,  
F  = 1 .96 ,  G = 4 3 . 4  l b / f t - m i n ,  f b = 0 . 0 3 3 0 ,  L  = 2 . 1 5  ft .
(a ,  b ,  c )  S i d e  v i e w s .
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F ig .  4 - 1 4 .  Side v iew s  of  Run 5 - 1 4  (text e xa m p le  6). 
d = 0. 123 ft, V = 4. 65 f t / s e c ,  F = 2. 34, G =  76. 8 
l b / f t - m i n ,  f, = 0 .0 3 4 9 ,  L = 2 .65  ft. (See f igure  
1-2  a lso .  )
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(a ,  b ,  c )  S i d e  v i e w s .  F l o w  f r o m  r i g h t  to  l e f t .
(d)  T o p  v i e w  l o o k i n g  d o w n s t r e a m .
F i g .  4 - 1 5 .  S i d e  v i e w s  and  top  v i e w  o f  f l o w  c o n f i g u r a t i o n  f o r  
R u n  4 - 2 5  ( t e x t  e x a m p l e  7) .  d = 0 . 1 5 7  f t ,  V =  1 . 5 7  f t / s e c ,  
F  = 0 . 7 0 ,  G = 0 . 6 8  l b / f t - m i n ,  f b = 0 . 0 4 4 8 ,  L  = 0.  60 ft .
(c)  Top v iew  looking dow n stream .
(a ,b )  Side v ie w s .  F lo w  f r o m  right  to left .
F ig .  4 -1 6 .  Side v iew s  and top v iew  of f low  con f igurat ion  for 
Run 4 - 2 4  (text exam ple  8). d = 0. 147 ft, V = 2. 26 f t / s e c ,  
F  = 1 .0 4 ,  G = 2 .5 2  l b / f t - m i n ,  f  = 0 . 0 2 9 ! ,  L  = 0 . 9 !  ft.
9!
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(a) Side v iew.  F lo w  f r o m  right to Ie f t .
(b) Top v iew  looking d ow n stream .
F ig .  4 -1 7 .  Side v iew  and top v iew  of f low  con f igurat ion  f o r  
a f low  wifh fhe sam e depth of f l ow  and v e lo c i ty  as Run 4 -29  
( see  f igu re  4 - 1 8  and text exam ple  9). The f low  shown here  
had no induced waves  at fhe u p s ire a m  end of fhe f lum e.
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(a)
(b)
(c)
( a ,  b ,  c )  S i d e  v i e w s .  F l o w  f r o m  r i g h t  to  l e f t .
(d)  T o p  v i e w  l o o k i n g  d o w n s t r e a m .
F i g .  4 - 1 8 .  S i d e  v i e w s  an d  t o p  v i e w  o f  f l o w  c o n f i g u r a t i o n  f o r  
R u n  4 - 2 9  ( t e x t  e x a m p l e  9 ) .  d = 0. 154 f t ,  V  = 2. 46  f t / s e c ,  
F  = 1 . 1 0 ,  G = 1 0 . 5  l b / f t - m i n ,  f  = 0 . 0 4 i 0 ,  L =  1 . 1 9  f t .
C o m p a r e  w i t h  f l o w  s h o w n  in  f i g u r e  4 - 1 7  w h i c h  h ad  the  s a m e  
d e p t h  and  v e l o c i t y  as  R u n  4 - 2 9  but n o  i n d u c e d  w a v e s .
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(a)
(b)
(c )
(d)
(a, b, c ,  d) Side v iew s .  F lo w  f r o m  right to left.
(e) Top view looking d ow n stream .
F ig .  4 -19 ·  Side v iew s  and top v iew  of  f low  con f igurat ion  fo r  
Run 4 -2 7  (text exam p le  10), d = 0. i 52 ft,  V = 3. 29 f t / s e c ,  
F  = I.  49,  G = 65. 2 l b / f t - m i n ,  f  = 0 .0 5 1 2 ,  L =  2. 28 ft.
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(a)
(b)
( c )
(a, b, c) Side v iew s .  F l o w f r o m  right to left.
(d) Top v iew  looking d ow n stream .
F ig .  4 -2 0 .  Side v iew s  and top v iew  of f low  con f igurat ion  fo r  
Run 4 -3 3  ( fex f  exam p le  11). d = 0. 248 f t , V =  3. 30 f t/ s e c ,  
F  = 1 .1 7 ,  G = 3 0 .0  l b / f t -m in ,  f  = 0 .0 2 8 8 ,  L  = 1 .97  f t .
C o m p a r e  wifh Run 4 -2 7  ( f igure  4 -1 9 ,  fex f  exam ple  10) which  
had the sam e  v e l o c i f y  but: a s m a l l e r  depfh of f low.
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w as rep ea ted  with a p e r io d  of three  to four  m in u tes .  T h is  run apparently  
re p re s e n te d  a situation in w h ich  the exc it ing  d istu rba n ce  w as d ow n stream  
f r o m  the antidune re a ch .  In Runs 4 -2 8  and 4 -1 0  w aves  gen era ted  in this 
w ay b eca m e  high enough to b re a k .  The bed  f r i c t i o n  f a c t o r ,  f b> fo r  this 
run was m u ch  lo w e r  than that o f  Run 4 -2 5  (exam p le  7). Th is  d e c r e a s e  
was due to the d isa p p e a ra n ce  o f  the dunes.
A  c o m p a r is o n  o f  this run and the equivalent run f r o m  G roup I 
(Run 5 -1 0 ,  exam p le  3, f ig u re  4 -8 )  show s v e r y  litt le  s im i la r i ty .  The 
c o a r s e r  sand o f  Run 5 -1 0  fo r m e d  dunes w h ich  c r e a te d  d is tu rb a n ces  all 
a long the f lu m e .
E xam p le  9. Run 4 -2 9 .  d = 0. 154 ft ,  V = 2. 46 f t / s e c ,  F  = I . 10, 
f b = 0 .0 4 1 0 ,  G =  10 .5  l b / f t  -m in ,  L =  I. 19 ft. See f ig u r e s  4 -1 7  and 
4 -1 8 .  This  f lo w  w as in the r e g im e  w here  two v e r y  d if fe ren t  types of 
f lo w  are  p o s s ib le .  A s im i la r  situation f r o m  the G roup  I ex p er im en ts  
was d e s c r ib e d  in exam p le  4. If no s c r e e n s  w e re  used  at the u p stream  
end o f  the f lu m e  to gen era te  a p e r s is te n t  su r fa ce  d is tu rb a n ce ,  the bed 
and w ater  s u r fa ce  re m a in e d  e s se n t ia l ly  f la t  o v e r  the length  o f  the f lu m e .  
Th is  con figu ra t ion  is  shown in f igu re  4 -1 7 .  V e r y  sm a ll  tw o -d im e n s io n a l  
w aves  f o r m e d  p e r io d ic a l ly  ( s e e  f ig u re  4 -1 7 b )  but these  w e r e  too  w eak to 
f o r m  antidunes. When one o r  m o r e  s c r e e n s  w e r e  p la ce d  at the upstream  
end o f  the f lum e to g ive  a p e r s is te n t  d is tu rb a n ce ,  s ta tion ary  w aves  and 
antidunes propa gated  d ow n stream  and the f lo w  con fig u ra t ion  b e ca m e  that 
shown in f ig u re  4 -1 8 .  Run 4 -2 9  w as c a r r i e d  out with the s c r e e n s  in p la ce  
to give  antidunes and s ta tion ary  w a v e s .
The tw o -d im e n s io n a l  w aves  gen era ted  at the s c r e e n  b e ca m e  
r o o s t e r  ta ils  in three or  fou r  w ave lengths and these  usually  underwent 
m ultip le  break ing  betw een  stations 15 and 20. T w o -d im e n s io n a l  s ta tion ary  
w aves  and antidunes w e re  gen era ted  d ow n stream  f r o m  the r e g io n  of 
b reak ing  and p r e v a i le d  to the end of the f lu m e (f ig u re  4 -1 8 d ) .  T h ese  
w aves  show ed freq u en t  m ultip le  break in g  and s m a ll  s u p e rp o s e d  r o o s t e r  
ta ils .  The sta tion ary  w aves  and antidunes m o v e d  s lo w ly  u p strea m .
F o r  Run 4 -2 4  (exa m p le  8), f b = 0. 0291 c o m p a r e d  to f b = 0. 0410 
fo r  Run 4 -2 9  o f  this e xa m p le .  This  in c r e a s e  in f r i c t io n  fa c to r  was 
p ro b a b ly  due to the e n e rg y  d iss ip a t io n  in wave break in g  in Run 4 -2 9 ·
E xam ple  10. Run 4 -2 7 .  d = 0 .1 5 2 ,  V = 3. 29 f t / s e c ,  F  = 1 .4 9 ,
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f b = 0. 0512, G =  65. 2 l b / f t - m i n ,  L = 2. 28 ft .  See f ig u re  4 -1 9 .  This 
run b o r d e r e d  on the to r re n t ia l  f lo w  con d it ion . R a d ica l  m ultip le  
break ing  o c c u r r e d  o v e r  the w hole f lu m e  r e g a r d le s s  o f  the en trance  
cond it ion . The w ave break in g , such  as that shown in f ig u re  4 -1 9 c ,  
s c o u r e d  out long , deep  gou ges  in the bed. T h ese  gou ges  often p e r s is te d  
f o r  30 s e co n d s  o r  lo n g e r  and re su lte d  in the situation  shown in f igu re  
4 -1 9 d  ( fa r  r igh t) .  The bed  fe a tu re s  and w aves  m o v e d  u p stream  at a 
ra te  o f  0 .5  to 1 .0  f t /m in .  The fu rth er  in c r e a s e  in f b o v e r  that of 
Run 4 -2 9  (exa m p le  9) w as apparently  due to the in c r e a s e d  rate of e n ergy  
d iss ip a t io n  in w ave b rea k in g . The r a d ic a l  in c r e a s e  in  the sed im ent 
t ra n sp o r t  rate  o v e r  that of Run 4 -2 9  (e x a m p le  9) w as due, at le a s t  in 
part ,  to the v io len t  w ave b rea k in g  o f  Run 4 -2 7  w h ich  was v e r y  e f fe c t iv e  
in entrain ing the bed  m a te r ia l .
E xam p le  11. Run 4 -3 3 .  d = 0 .2 4 8 ,  V = 3 . 3 0 f t / s e c ,  F  = 1 . 17 ,  
f b = 0 .0 2 8 8 ,  G = 3 0 . 0  l b / f t - m i n ,  L =  L  97 ft. See f ig u re  4 -2 0 .  
E x a m p le s  I and 2 show ed  the e f fe c t  of v a ry in g  the depth w hile  keeping 
the F ro u d e  num ber constant. A  c o m p a r is o n  of this exa m p le  and 
exa m p le  10 (Run 4 -2 7 )  show s the e f fe c t  o f  keeping  the v e lo c i ty  constant 
and in c r e a s in g  the depth (and thus d e c r e a s in g  the F ro u d e  n u m ber) .
The w aves  o f  Run 4 -3 3  w e re  not as act ive  as those of Run 4 -2 7 .  The 
m ultip le  break ing  w as not as freq u en t  or  as v io len t  and the bed fea tu res  
did not m o v e  u p stream  as fa s t .  The re d u ce d  w ave a ct iv ity  w as r e f le c te d  
in fb and G w h ich  w e re  som ew h at  s m a l le r  fo r  Run 4 -3 3  than fo r  Run 
4 -2 7 .  It w as found to be g e n e ra l ly  true that, f o r  a g iven  v e lo c ity ,  the 
w ave a ct iv ity  d e c r e a s e d  as the depth in c r e a s e d .
c .  S u m m ary  o f  bed  and w ater  s u r fa ce  con figu ra t ion s  fo r  a ll
r u n s . Data on the bed  and w ater  s u r fa c e  co n f ig u ra t io n s ,  wave lengths, 
and c r i t i c a l  w ave am plitudes  are  s u m m a r iz e d  in table 4 - 1 .  Within 
ea ch  g rou p , the data a re  g e n e ra l ly  tabulated in the o r d e r  of in c r e a s in g  
depth ex ce p t  w h ere  s e v e r a l  runs had n e a r ly  the sam e depth. F o r  these 
depths, the runs a re  tabulated in the o r d e r  o f  in c r e a s in g  v e lo c i ty .  To 
s im p li fy  the d e s c r ip t io n  o f  the co n f ig u ra t io n s ,  s e v e r a l  c a t e g o r ie s  have 
been  es ta b lish e d  and ea ch  run is  c la s s i f i e d  into one o f  them . T h ese  
c a t e g o r ie s  and the s y m b o ls  a ss ig n e d  to  them w il l  be d is c u s s e d  be low .
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The quantities in ea ch  co lu m n  of table 4 -1  are  as fo l lo w s :
C olu m n I .  d = a v era g e  depth in fe e t  in the r e a c h  o f  equ ilib r iu m  
f lo w . This  w as d e te rm in e d  f r o m  the bed  and su r fa ce  p r o f i le s  as 
d e s c r ib e d  in se c t io n  3 -9 .
C olu m n 2. V = = m ean  v e lo c i t y ,  f t / s e c  ( c f .  s e c t io n  3 -9 ) .
V
C olu m n 3. F = ------ = F ro u d e  n u m ber .
Vgd
C olu m n 4 .  L  = av era ge  wave length in fe e t  m e a s u r e d  as d i s ­
c u s s e d  in s e c t io n  3 -1 1 .
2A
C olum n 5. —-—  = c r i t i c a l  w ave s te e p n e ss  at break ing . This
X-<
is  the ra t io  o f  w ave height at break in g  to w ave length  ( c f .  s e c t io n  2 -5  f o r  
d is c u s s io n  o f  th e o ry ) .  The va lues  o f  2Ac w e re  s ca le d  f r o m  photographs .
No va lues  a re  given  f o r  runs w hich  had p redom in a n tly  th r e e -d im e n s io n a l  
w aves  ( r o o s t e r  ta ils )  o r  runs f o r  w hich no good  photographs o f  incip ient 
w ave b reak in g  w e re  obtained.
C olu m n 6. The va r io u s  c a t e g o r ie s  of w ater  s u r fa ce  con figu ra t ion s  
and the sy m b o ls  used  to r e p r e s e n t  them a re  as fo l lo w s :  
f  = f la t  w ater  s u r fa c e .
W here  a n u m era l appears  fo l lo w e d  by a le t te r ,  the n u m era l r e fe r s  to 
the type o f  w ave and the le tter  d e s c r ib e s  the w ave break ing  as fo l lo w s :
2 = predom in a n tly  tw o -d im e n s io n a l  w aves
3 = p redom in a n tly  th r e e -d im e n s io n a l  w aves  ( r o o s t e r  ta ils ) .
The fo l lo w in g  s y m b o ls  are  a lw ays used  in con ju n ct ion  with " 2 "  and " 3 "  
above :
b = is o la te d  b reak ing  
B = m ultip le  break ing  
o = no break in g .
W here  n u m bers  appear in p a re n th e se s ,  they g ive the station  at w hich  a 
change o f  w ater  su r fa ce  con fig u ra t ion  o c c u r r e d .
E x am p le :  Run 4 -2 8 .  " f (1 5 )2 b "  s ig n if ie s  that the w ater  s u r fa ce
w as flat  u p stream  f r o m  station  15, and that d ow n stream  f r o m  that 
station, two d im en s ion a l w aves  o c c u r r e d  w h ich  b rok e  s in g ly .  The fa ct  
that the s u r fa ce  w as flat  in the u p stream  part o f  the f lu m e and the w aves  
b rok e  s ingly  in d ica tes  that the break ing  in the d ow n strea m  p a r i  o f  fhe
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f lu m e w as not v e r y  v io len t.
C olu m n 7. The va r io u s  c a t e g o r ie s  o f  bed con figu ra t ion s  and 
the ir  s y m b o ls  are  as fo l lo w s :  The f i r s t  le t te r  denotes  the f o r m  o f  the 
bed.
f  = f la t  bed
w = dunes w eakly  cou p led  with the w ater s u r fa ce  
m = dunes m o d e r a te ly  co u p le d  with the w ater  su r fa ce  
s = dunes s tro n g ly  co u p le d  w ith the w ater  s u r fa ce  
i -  bed  f o r m  w as im a g e  o f  w ater  s u r fa c e ;  i .  e. , i f  the w ater
s u r fa ce  w as f la t ,  the bed  w as flat; if  the w ater su r fa ce  was 
w avy, the bed  had antidunes.
The s e co n d  le tter  denotes  the d ir e c t io n  and rate o f  m ov e m e n t  o f  the bed 
fe a tu re s :
d = bed  fe a tu re s  m o v e d  d ow n stream  s lo w ly  
D = bed  fe a tu re s  m o v e d  d ow n stream  rap id ly  
u = bed  fe a tu re s  m o v e d  u p strea m  s lo w ly  
U = bed  fe a tu re s  m o v e d  u p stream  rap id ly
0 = fe a tu re s  did not m o v e
N = d ir e c t io n  o f  m o v e m e n t  was not o b s e r v e d .
The d iv is io n  betw een  s low  and rapid  m ov e m e n t  w as taken as about 
0. 3 f t /m in .
E x a m p le :  Run 4 -2 8 .  The w ater su r fa ce  was f lat  u p stream  f r o m  
station  15 and had tw o -d im e n s io n a l  w aves  d ow n stream  f r o m  station 15. 
The s y m b o l  " iu "  in d ica tes  that the bed  w as flat  u p stream  f r o m  station 
15 and had tw o -d im e n s io n a l  antidunes d ow n stream  f r o m  station  15, and 
that the antidunes m o v e d  u p stream  at a rate  o f  l e s s  than 0. 3 f t /m in .
C olum n 8. U niqueness r e f e r s  to the p o s s ib i l i t y  of m o r e  than one 
f low  con d it ion  ex is t in g  f o r  a g iven  depth and v e lo c i ty  (c f .  e xa m p les  4 
and 9, s e c t io n  4 -3 ) .
1 = only one f lo w  con d it ion  w as p o s s ib le
II = two f lo w  cond it ions  w e re  p o s s ib le .  B ed  and w ater  su r fa ce  
r e m a in e d  flat  if f low  was undisturbed ; s ta tion ary  w aves  and 
antidunes f o r m e d  o th e rw is e .
N = fa i le d  to d e te rm in e  un iqueness .
(T e x t  continued  on page 102)
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.TABLE 4-1
.SUMMARY OF BED AND W A TE R  SURFACE CONFIGURATIONS
1 01
T able  4 -IA
R e m a rk s  P erta in in g  to T able  4 -1
N um bers  c o r r e s p o n d  to those  tabulated in last  co lu m n  o f  Table  4 -1 .
(1) A  w ooden  s i l l ,  30 in ches  long and 1 - 5 / 8  in ch es  high w as p la ced  
on the f l o o r  of the f lu m e ju s t  d ow n strea m  f r o m  the f lum e inlet. 
The u p stream  end o f  the s i l l  w as bev e le d .  The s c r e e n s  w ere  
p la ce d  ju s t  u p strea m  f r o m  the s i l l .
(2) Run 5 -1 8  had e s se n t ia l ly  the sa m e  depth and v e lo c i t y  as Run 5 -1 3 .  
In Run 5 -1 3 ,  no s c r e e n s  w e re  p la ce d  at the d ow n stream  end of 
the s i l l  and the bed  and w ater s u r fa ce  w e re  flat  o v e r  the whole 
length of the f lu m e .  In Run 5 -1 8 ,  three  additional s c r e e n s  w e re  
p la ce d  at the d ow n strea m  end of the s i l l .  R o o s te r  ta ils  then 
f o r m e d  f r o m  the s i l l  to station 20 and the flat  bed  and w ater 
s u r fa ce  p e r s is t e d  f r o m  station 20 to the end of the f lu m e .  (The 
s i l l  used  is  d e s c r ib e d  under R e m a r k  No. I . )
(3) M any w e l l -d e f in e d  r o o s t e r  ta ils  w e re  su p e rp o se d  on the tw o -  
d im en s ion a l  w aves  (c f .  f ig u re  4 - 4 ) .
(4) This  run had the to r re n t ia l  f lo w  shown in f ig u re  4 - 5 .  The depth 
w as ca lcu la te d  f r o m  v o lu m e tr ic  c o n s id e ra t io n s  o f  the amount of 
sand and w ater in the open channel part o f  the f lu m e .
(5) The dunes o f  fh is  run had v e r y  IittIe e f fe c i ,  if any, on the f r e e  
s u r fa c e .
1 0 2
The con d it ion  under w h ich  the run was c a r r ie d  out can  be d e te rm in e d  
f r o m  the w ater su r fa ce  d e s c r ip t io n .
C olum n 9. U pstream  cond it ion . In se c t io n s  3-1  and 4 -3  
(e x a m p le s  4 and 9) the e f fe c t  o f  using s c r e e n s  at the f lu m e in let  was 
d e s c r ib e d .  This  co lu m n  g iv es  the n um ber o f  s c r e e n s  used  and their  
m esh , as w e ll  as any other sp e c ia l  fe a tu re s  o f  the e n tra n ce .  The w ord  
"G a te "  r e f e r s  to the s lu ice  gate o f  the b ox  in le t .  The w o rd  " s i l l "  r e fe r s  
to the s i l l  d e s c r ib e d  in s e c t io n  3-1  and r e m a r k  no. I o f  table  4 -1  A.
E x a m p le :  Run 5 -1 7 :  "G ate , 2 - 8 "  s ig n if ie s  that the s lu ice  gate 
was p la ce d  ju s t  u p stream  f r o m  two s c r e e n s  w hich  had eight openings p er  
inch.
C olum n 10. The f lu m e  entrance  and pump w ell  used  fo r  each  
run are  s p e c i f ie d  in  this co lu m n . On the 4 0 - f o o t  f lu m e two d ifferent 
en tran ces  and two d if fe re n t  ex its  w e r e  u sed . The en trance  and exit 
com b in a t ion s  a re  denoted  by  the fo l lo w in g  s y m b o ls :
x = d i f fu ser  entrance  and s m a ll  pump w e ll  ( c f .  f ig u re s  3 -2  and 3 -4 )  
y = b o x  in let  ( c f .  f ig u re  3 -3 )  and sm a ll  pump w ell  
z = b ox  in let  and la rg e  pum p w e l l  ( c f .  f igu re  3 -5 ) .
The sam e en tran ce  and pump w e ll  w e re  used  f o r  a ll runs with the 60 -  
fo o t  f lu m e  (c f .  f ig u r e s  3 -7  and 3 -8 ) .
C olu m n 11. If a photograph  o f  the run a p p ea rs ,  its f ig u re  num ber 
is  g iven  in this co lu m n .
C olum n 12. R e m a r k s .  The n u m bers  r e fe r  to the re m a r k s  l is te d  
in table 4 - 1 A, page 101.
W here  en tr ie s  a re  m is s in g  in table 4 -1 ,  e ith er  the item  does  not 
apply o r  the quantities w e r e  not obtained. A dditional quantitative data 
fo r  the la b o r a to r y  e x p e r im e n ts  a re  g iven  in table  4 -2 ,  s e c t io n  4 -4 a .
d. R e la tion  betw een  w ater s u r fa ce  con fig u ra t io n  and depth and
v e lo c i ty  o f  f l o w . The co n figu ra t ion  data g iven  in  table 4 -1  are  p lotted  
aga inst depth and v e lo c i ty  in f ig u r e s  4 -2 1 ,  4 -2 2  and 4 -2 3 .  L ines of 
constant F ro u d e  n um ber a re  shown on e a ch  graph.
In the depth range in vest iga ted ,  the fo l low in g  c o n c lu s io n  about 
the e x p e r im e n ts  in the 4 0 - f o o t  f lu m e with the 0. 549 m m  sand can  be 
drawn f r o m  fig u re  4 -2 1 :
1 03
F i g .  4 - 2 1 .  B e d  and  w a t e r  s u r f a c e  c o n f i g u r a t i o n s  v s .  d e p t h  and  v e l o c i t y  
f o r  r u n s  o f  Grox ip  ! .  ( S e e  pp .  98 and  99 f o r  d e f i n i t i o n s  o f  s y m b o l s . )
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(1) F o r  a g iven  depth and v e lo c ity ,  two f lo w  con d it ion s  are  
p o s s ib le  fo r  F rou d e  n um bers  betw een  a p p ro x im a te ly  1 .3  and 2 .0 .  In 
this range , the f low  is  steady and un iform  if there is  no p e r s is te n t  
d istu rba n ce  w hich  ca u s e s  s ta tion ary  su r fa ce  w aves  to f o r m .  If such  a 
d istu rban ce  e x is ts ,  antidunes and s ta tion ary  w aves  f o r m .  In the depth 
range in vest iga ted , the lo w e r  l im it  on the F rou d e  n u m ber , F  = I . Sj 
c o r r e s p o n d s  ap p rox im a te ly  to the upper end o f  the r e g im e  in w hich  dunes 
f o r m  on the bed. At lo w e r  F ro u d e  n u m b ers ,  the dunes initiate the 
su r fa ce  w aves .
(2) W aves  usually  b rea k  one at a t im e , i. e. the break ing  o f  a 
w ave se ld om  p re c ip ita te s  the break ing  of ad jacent w a v e s .
(3) If w aves  f o r m ,  the am ount o f  wave act iv ity  in c r e a s e s  with 
depth fo r  a constant F rou d e  n u m ber .
(4) If w aves  f o r m ,  the amount o f  w ave a ct iv ity  in c r e a s e s  with 
in c r e a s in g  v e lo c i ty  f o r  a constant depth.
(5) In the ran ges  o f  depth and v e lo c i ty  in vest iga ted , r o o s t e r  
ta ils  are  o v e rw h e lm in g ly  the predom in an t w ave f o r m .
(6) The bed con figu ra t ion s  m o v e  d ow n stream  if  the F rou d e  
num ber is  l e s s  than 1 .3 ,  u p stream  if  the F rou d e  num ber is g r e a te r  than 
I. 8, and do not m o v e  i f  the F rou d e  num ber is  be tw een  these  va lu es .
(7) At depths l e s s  than 0. I ft the bed  and w ater su r fa ce  are
fla t  f o r  even  v e r y  high F ro u d e  n u m bers  (F  g r e a te r  than 1 .7 5 ) .  Runs 5 -1 1 ,  
5 -1 2  and 5 -13  had this type of f lo w . If the en trance  w as d istu rbed  to 
induce antidunes and sta tion ary  w aves  they p e r s is t e d  fo r  15 to 20 wave 
lengths, d ow n stream  f r o m  w hich  the bed  and w ater  su r fa ce  again b e ca m e  
flat  ( s e e  Run 5 -1 8 ) .
The fo l lo w in g  c o n c lu s io n s  are  drawn f r o m  f ig u r e s  4 -2 2  and 4 -2 3
and apply to the runs o f  G rou ps  2 and 3 w hich  used  Sand 2, D = 0 .  233S
m m .
(1) F o r  a g iven  depth and v e lo c ity ,  two f lo w  con d it ions  are  
p o s s ib le  fo r  F ro u d e  n u m bers  betw een  a p p ro x im a te ly  0. 8 and I .  2. At 
s m a l le r  F rou d e  n u m bers  there  e x is ts  a r e g im e  in w hich  the bed  and w ater 
su r fa ce  a re  flat  and w aves  cannot be induced .
(2) If s ta tion ary  w aves  f o r m ,  they usually  b re a k .  The break ing  
is  usually  is o la ie d  i f  ihe F rou d e  nu m ber  is  l e s s  than aboui I .  I while
F i g .  4 - 2 2 .  B e d  and  w a t e r  s u r f a c e  c o n f i g u r a t i o n s  v s .  d e p t h  and v e l o c i t y  
f o r  r u n s  o f  G r o u p  2. ( S e e  pp .  98 an d  99 f o r  d e f i n i t i o n s  o f  s y m b o l s . )
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F i g .  4 - 2 3 .  B e d  and  w a t e r  s u r f a c e  c o n f i g u r a t i o n s  v s .  d e p t h  and  v e l o c i t y  
f o r  r u n s  o f  G r o u p  3. ( S e e  p p .  98 and  99 f o r  d e f i n i t i o n s  o f  s y m b o l s . )
!06
107
m ultip le  break ing  p red om in a tes  at h igher  F ro u d e  n u m b ers .
(3) If w aves  f o r m ,  the am ount o f  wave a ct iv ity  in c r e a s e s  with 
f lo w  depth f o r  a constant F ro u d e  num ber.
(4) If w aves  f o r m ,  the am ount o f  wave act iv ity  in c r e a s e s  with 
in c r e a s in g  F ro u d e  n u m ber .
(5) F o r  F rou d e  n u m bers  g r e a te r  than about I .  I there  is no 
apparent d i f fe r e n c e  in the con figu ra t ion s  betw een  equivalent runs in the 
two d if fe ren t  f lu m e s .  At s m a l le r  F ro u d e  n u m b e rs ,  the d i f f e r e n c e s ,  if  
any, a re  m a sk e d  by the d i f fe r e n c e s  in the f lum e in le ts .
(6) In the ran ges  o f  depth and v e lo c i ty  in vest iga ted ,  tw o -  
d im e n s io n a l  w aves  a re  the dom inant w ater  su r fa ce  con figu rat ion .
(7) The bed  fe a tu re s  m o v e  u p stream  i f  the F rou d e  num ber is 
g r e a te r  than unity.
T h ese  c o n c lu s io n s  apply on ly  to the la b o r a to r y  f lu m e s  and only 
to the depth and v e lo c i t y  ranges  in v est iga ted .  The question  of their  
g e n e ra l  a p p lica b il ity  re m a in s  a su b jec t  f o r  fu rth er  r e s e a r c h ,  although 
th ere  is  no apparent r e a s o n  to b e l ie v e  that they a re  not g e n e ra l ly  va lid  
fo r  these  depths. H ow ev er ,  s in ce  the b eh a v ior  of antidunes and 
s ta tion ary  w aves  is  in tim ate ly  re la te d  to the sed im en t  tra n s p o r t  and 
d if fe re n t ia l  d e p o s it io n  phenom ena, the va lid ity  of these  co n c lu s io n s  
cannot be a s s u re d  at la r g e r  depths until these  phenom ena are  better  
u n d erstood , and th e ir  va r ia t io n  with depth can  be p re d ic te d .
e. S u m m ary . F o r  f lo w  in the la b o r a to r y  f lu m e s  in the depth 
range in vest iga ted , the m o s t  im p ortan t  c h a r a c t e r i s t i c s  o f  the bed and 
w ater  s u r fa c e  con figu ra t ion s  m ay be s u m m a r iz e d  as fo l lo w s :
(1) T h e re  e x is ts  a range o f  F rou d e  n u m bers  o v e r  w hich  the f low  
is  u n iform  if  s u r fa ce  w aves  a re  not induced. If the su r fa ce  is d isturbed , 
s ta tion ary  w aves  and antidunes f o r m  and p ropagate  d ow n strea m .
(2) With the 0. 549 m m  sand, f low s  at v e r y  low  depths (d le s s  
than 0. I ft) can  have a flat  bed  at even  v e r y  high F ro u d e  n u m bers  (F 
g r e a te r  than 1 .7 5 ) .
(3) If w aves  f o r m ,  the am ount of w ave a ct iv ity  in c r e a s e s  with 
depth fo r  a constant F rou d e  n u m ber ,  and with v e lo c i ty  f o r  a constant depth.
(4) T w o -d im e n s io n a l ,  s in u s o id a l - fo r m  antidunes m o v e  u p strea m .
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S h a r p -c r e s t e d  dunes alw ays m ove  d ow n stream .
(5) F o r  two f low s  with the sam e depth and v e lo c i ty  but d ifferen t  
sands, the f lo w  w hich  has the f in e r ,  m o r e  e a s i ly  t ra n sp o r te d  sand w ill  
have m o r e  w ave act iv ity .
4 -4 .  H ydrau lic  and Sedim ent T r a n s p o r t  C h a r a c te r is t i c s  -of the L a b o ra to ry  
S tream s
a. S u m m ary  o i  data. The m o s t  im portan t m e a s u r e d  and 
ca lcu la ted  quantities io r  each  i lo w  are  tabulated in table 4 -2 .  E ach  run 
r e p re s e n te d  a i lo w  in equ ilib r iu m  w ith i is  sand bed. The p r o c e d u r e s  used 
in obiain ing ihe different: quantities and ihe p r o p e r t ie s  o f  ihe sands w e re  
d e s c r ib e d  in chapter  3. The bed and w a fe r  s u r ia c e  con figu ra t ion s  w e re  
d is c u s s e d  in se c t io n  4 -3  and s u m m a r iz e d  in table 4 -1 .  In iab le  4 -2 ,  
ihe runs are  tiabulated in ihe sa m e  o r d e r  as in table 4 -1 .  E a ch  group  
of runs is  p re se n te d  s e p a ra te ly .  W iihin e a ch  group , the runs are 
iabulated  in o r d e r  o i in c r e a s in g  depih except: w h ere  s e v e r a l  runs had 
n e a r ly  ihe sam e depih. F o r  th ese  depths, the runs are  tabulated in ihe 
o r d e r  o i  in c r e a s in g  v e lo c i iy .  The quantities tabulated in each  co lu m n  oi 
iab le  4 -2  a re  as fo l lo w s :
C olu m n I. d = a v era g e  depih  in ieet; in ihe r e a c h  o i equ ilib riu m  
ilo w . The depih  w as d e te rm in e d  H orn the bed  and w ater s u r fa ce  p r o f i le s  
(c f .  s e c t io n  3 -9 ) .
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C olu m n 2. V = = m ean  v e lo c i t y  in f t/ s e c  in ihe re a ch  of
equ il ib r iu m  f lo w  (c f .  s e c t io n  3 -9 ) .  The flu m e widtL, b, is  2 .79  ft: f o r  
the 60-foot: i lu m e and 0. 875 ft f o r  the 4 0 - f o o t i lu m e .
C olum n 3. q = Vd = d is c h a rg e  p er  unit: w id th, c f s / f t .
C o lu m n 4 . F  = = F ro u d e  num ber.A a
fedColum n 5. r = ^^ = h ydrau lic  rad ius , f t .
C olu m n 6. S = s lope  o i  e n e rg y  grade  line d e te rm in e d  as d i s ­
c u s s e d  in s e c t io n  3 -9 .
C olu m n 7. U5jc = \ / grS = shear  v e lo c i ty  i o r  ihe c o m p o s it e  channel 
s e c t io n  (sand bed  and v e r t i c a l  w a lls ) ,  f t / s e c .
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C olu m n 8. f  = 8(-^~) = D a r c y -W e is b a c h  f r i c t i o n  fa c to r  f o r  the
c o m p o s it e  channel s e c t io n .
f b
C olu m n 9. r b = r -— = hydrau lic  rad ius  f o r  bed  se c t io n  of 
channel, ft. See s e c t io n  3 -1 3  f o r  d is c u s s io n  of s id e -w a l l  c o r r e c t io n  
p r o c e d u r e .
C olu m n 10. Ujfc = \J g r ,S  = sh ear  v e lo c i t y  f o r  the bed  sect ion ,  
b b
f t /  s e c .  See s e c t io n  3 -1 3  f o r  d is c u s s io n .\  2
C olu m n 11. L =  8 ( ------- ) = D a r c y - W e i s b a c h f r i c t i o n  fa c to r  f o r
b ' v
bed  s e c t io n  on ly , ca lcu la te d  f r o m  s id e -w a l l  c o r r e c t i o n  p r o ce d u r e  
d e s c r ib e d  in s e c t io n  3 -1 3 .
C olu m n 12. fb / f '  = f r i c t i o n  fa c to r  ra t io .  Th is  is the ratio  of b b
bed  f r i c t io n  fa c to r  to the th e o r e t ica l  f r i c t i o n  fa c to r  of a bed  with ro u g h ­
n ess  e lem en ts  o f  the sam e s iz e  as the m ean  s iz e  o f  the bed  m a te r ia l .
The bed  hydrau lic  rad ius is  used  as the c h a r a c t e r is t i c  length. The 
quantity f^ is  d e te rm in e d  f r o m  a p ip e - f r i c t i o n  d ia g ra m . See P a rt  b 
o f  this s e c t io n  f o r  fu rth er  d is c u s s io n .
C o lu m n  13. T = a v e ra g e  w ater  te m p e ra tu re  during run, ° C .  
C olu m n 14. C = a v era g e  sed im en t  d is ch a rg e  con cen tra t ion ,  
g / f .  Note that this co n ce n tra t io n  in c lu d es  both bed load  and suspended 
load .
C olu m n 15. G =  total sed im en t  d is c h a rg e  p e r  unit width, l b / f t -
m in.
C olu m n 16. D^ = g e o m e t r ic  m ean  s ie v e  s ize  of sed im en t  load, 
m m . This w as d e te rm in e d  f r o m  s ie v e  a n a lyses  as d is c u s s e d  in sect ion  
3 -1 5 .
C olum n 17. CT^  = g e o m e t r ic  standard d ev ia tion  of s ie v e  d ia m e te rs  
o f  sed im en t  load . See s e c t io n  3 -15  f o r  d is c u s s io n .
The o m is s io n s  in table 4 -2  r e p r e s e n t  quantities w hich  w e re  not 
obtained during the e x p e r im e n ts .  T a b le s  4 -1  and 4 - 2  when used  togeth er  
g ive  a c o m p le te  d e s c r ip t io n  of e v e r y  run. Indeed, m any of the changes 
o f  the h ydrau lic  c h a r a c t e r i s t i c s  g iven  in table 4 - 2  can  be p r o p e r ly  
in te rp re te d  on ly  in light of the bed  and w ater  s u r fa ce  con figu ra t ion s
SU M M AR Y O F  H YD R A U L IC  AN D  SE D IM E N T  T R A N S P O R T  D A T A  FRO M  L A B O R A T O R Y  E X P E R IM E N T S
T A B L E  4 - 2
HO
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* The use o f  a f r i c t i o n  fa c to r  ra t io  to ana lyze  the rou gh n ess  o f  a lluv ia l 
s t r e a m s  was f i r s t  su gg ested  by Vanoni and B r o o k s  ( I ) .  A  m o r e  co m p le te  
d is c u s s io n  o f  the quantity f^ / f^  and its  s ig n i i ica n ce  in d e s c r ib in g  the bed
io r m  o i  a lluv ia l s tr e a m s  has been  p re se n te d  by T a y lo r  and B ro o k s  (27).
g iven  in table 4 - 1 .
b. G en era l  c o m m e n ts  on a lluv ia l channel r o u g h n e s s . S om e
gen era l  c o m m e n ts  on the rou gh n ess  o i a lluv ia l channels  w il l  be help iu l in 
understanding the rem ain in g  parts  o i  this s e c t io n .  W ater i low in g  o v e r  a 
m o v a b le  sand bed  en cou n ters  two types of r e s is ta n c e  at the bed: gra in  
r e s i s t a n c e ,  and i o r m  r e s is ta n c e  due to the i o r m  drag  o i  bed  ie a tu re s  such 
as dunes. The r e s is ta n c e  o f the latter  is  o iten  the la r g e s t  and is su b jec t  
to w ide v a r ia t ion s  as the bed  i o r m  ch an g es .
The p r e s e n c e  o i  sed im en t  in su sp en s ion  iu rth er  c o m p l ic a te s  the 
rou gh n ess  p r o b le m .  It has been  shown by Vanoni (18) and Vanoni and 
N o m ic o s  (21) that suspended  sed im en t  r e d u c e s  the i r i c t i o n  f a c to r  o i  a i low  
by m od ify in g  the turbu lence  pattern . F o r  a g iven  i lo w , as the sed im ent 
c o n ce n tra t io n  in c r e a s e s ,  the i r i c t i o n  ia c t o r  d e c r e a s e s .
Equations such  as the D a r c y -W e is b a c h  io r m u la  (equation  3 -10 )  
re la te  the f r i c t io n  fa c to r  to the f lo w  v e lo c i ty  and channel g e o m e tr y .  In te r ­
p re ted  another way, the D a r c y -W e is b a c h  fo r m u la  m ay  be w ritten  as
S = (3 -1 0 )
8gr
w h ere  the s lo p e ,  S, is  the a v era g e  amount o i  e n ergy  d iss ip a te d  by a unit 
w eight o i i lu id  as it t ra v e ls  a unit d istan ce  a long the chann el.  Now in the 
c a s e  o i  f lo w  o v e r  antidunes the w ave break in g  g iv e s  another m e ch a n ism  io r  
e n e rg y  d iss ip a t io n  and thus the i r i c t i o n  ia c t o r ,  f, m ust r e i l e c t  three d i i -  
ie re n t  m ean s  o f  e n e rg y  d iss ip a t ion : g ra in  r e s is t a n c e ,  i o r m  drag , and wave 
b reak in g . In the d es ig n  and a n a lys is  o f  a lluv ia l channels  it is  the la s t  two 
ia c t o r s  that ca u se  the d i f f icu lty  s in ce  there  is  no way to p r e d ic t  the ir  
con tr ibu tion  to i  and their  e f fe c t  on the g ra in  r e s is t a n c e .
In in terp re t in g  e x p e r im e n ta l  r e su lts  it is  exped ient to re la te  the 
bed  f r i c t io n  ia c t o r ,  i b> to the i r i c t i o n  ia c t o r  i o r  a i lo w  of the sam e depth 
and v e lo c i ty  o v e r  a Hat bed o f the sam e sand, f^.  A  i r i c t i o n  ia c to r  ra t io  
such  as f ^ / i ^  then g iv e s  a m e a s u r e  o i  the e f fe c t  o i  bed  ie a tu re s  and wave 
break ing  on the i r i c t i o n  ia c t o r .  It should  be ap p rox im a te ly  unity io r  i lo w  
o v e r  a flat  bed .
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The rem a in in g  p r o b le m  is  to evaluate f^ . It has been  found that
f r i c t io n  fa c to r  fo r  f lo w  o v e r  a f la t  bed  can  be d e te rm in e d  with fa ir
a c c u r a c y  f r o m  a M oody  p ip e - f r i c t i o n  d ia gra m  i f  the bed  hydrau lic  rad ius ,
m u lt ip lied  by fo u r ,  4 r b> is  used  as the c h a r a c t e r is t i c  length  and the
g e o m e tr ic  m ean  s iz e  o f  the bed m a te r ia l ,  D , is  used  as the equivalent
S
sand ro u g h n e ss .  Th is  is  the p r o c e d u r e  w h ich  w as used  in this in v e s t i ­
gation f o r  es tim atin g  f^.
c . F r ic t io n  fa c to r  o f  runs using 0 .5 4 9  m m  sand (Sand I ) . In
f ig u re  4 -2 4  the va lues  o f  f^ / f ^  a re  p lotted  against F ro u d e  num ber f o r  all 
runs o f  G roup  I . The w ater  s u r fa c e  con fig u ra t ion  and f lo w  depth f r o m  
table 4 -1  a re  noted by ea ch  point. T h e re  is  no re a s o n  to e x p e c t  that f^ / f^  
is  uniquely re la te d  to F ,  and in gen era l  it is  not. H ow e v e r ,  this plot 
is  a conven ient m ean s  to i l lu s tra te  s e v e r a l  p o in ts .  In d e s c r ib in g  the 
bed  and w ater  s u r fa ce  con fig u ra t ion  of the runs o f  G roup  I ( c f .  s e ct ion
4 -  3, p art  a) it w as noted  that at F rou d e  n u m b ers  l e s s  than about I .  2 or 
1 .3  in the depth range  in vest iga ted ,  s h a r p - c r e s t e d  dunes f o r m e d .  T h ese  
w e re  often  a c co m p a n ie d  by a le e s id e  sep a ra tion  eddy and th e r e fo r e  had 
a p p re c ia b le  f o r m  d ra g . At F rou d e  n u m bers  betw een  1 .3  and 2 .0  the 
bed  w as flat  or  had antidunes depending on w hether or  not the w ater 
su r fa ce  was given  a p e r s is te n t  d is tu rb a n ce .  At F rou d e  n u m bers  g re a te r  
than a p p ro x im a te ly  2 .0 ,  s ta tion ary  w aves  and antidunes a lw ays fo r m e d .  
None o f  the f lo w s  show ed m ultip le  break in g  and in all runs excep t  Runs
5 -  14 and 5 -1  the b reak in g  w as quite w eak and a cco m p a n ie d  by v e r y  little  
agitation.
F ig u re  4 -2 4  r e f le c t s  the e f fe c ts  o f  this s u c c e s s io n  of c o n f ig u r a ­
tions on the f r i c t io n  fa c to r .  * The ra t io  f^ A ^  la r g e s t  at the lo w e r  
F rou d e  n u m bers  and g e n e ra l ly  d e c r e a s e s  with in c r e a s in g  F rou d e  num ber. 
The d e c r e a s e  in f^ / f^  f o r  F r o Ude m im b ers  betw een  0 .7 5  and 1 .3  is  dUe 
m ain ly  to the dimes b e c o m in g  m o r e  rounded  under the in fluence  o f  the 
su r fa ce  w aves  and a lso  b e c o m in g  lo n g e r .  The d e c r e a s e  beyond  this point 
is  p ro b a b ly  due to the in c r e a s e  in  sed im en t  d is ch a rg e  co n ce n tra t io n .  At:
* In the d is c u s s io n s  o f  p a r t icu la r  runs that fo l lo w ,  the re a d e r  w il l  o ften  
have to r e f e r  to tab les  4 -1  and 4 - 2  to d e te rm in e  the c h a r a c t e r i s t i c s  of 
the runs.
F i g .  4 - 2 4 .  R e l a t i o n  o f  f r i c t i o n  f a c t o r  r a t i o  to  F r o u d e  n u m b e r  f o r  0. 549  m m  s a n d . 113
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the h igher  F ro u d e  n u m b e rs ,  £ /^f  ^ a p p roa ch es  unity.
A  c o m p a r is o n  o f  Runs 5 -1 6  and 5 -1 7  (se e  exa m p le  4 o f  s e c t io n
4 -  3 and f ig u r e s  4 -9 ,  4 -1 0 ,  and 4 -1 1 )  show s that nonbreaking  stationary  
w aves  have v e r y  litt le  e f fe c t  on the f r i c t io n  fa c t o r .  T h ese  runs had v e r y  
n ea r ly  the sam e depth and v e lo c i ty .  Run 5 -1 6  had a flat  bed and w ater 
su r fa ce  w hile  Run 5 -1 7  had induced  sta tion ary  w aves  and antidunes. Even 
though the bed  and v /ater s u r fa ce  con figu ra t ion s  f o r  the runs w e re  quite 
d i f fe re n t  they had v e r y  n e a r ly  the sam e f r i c t io n  fa c to r :  f b = 0.0383 far "Run
5 -  16 and fb = 0. 0396 f o r  Run 5 -1 7 .  A  s im i la r  c o m p a r is o n  o f  Runs 5 -1 3  
and 5 -1 8  a lso  i l lu s tra te s  this  point:.
The f r i c t io n  fa c to r  ra t io  f^ / f^  ° f  Run 5 -1 4  (se e  exam ple  6, se ct ion  
4 -3  and H gures  1 -2  and 4 -1 4 )  had no significant: in c r e a s e  even though the 
w ave break ing  was quite v io len t.  A pparently  ihe e n ergy  d is s ip a ie d  in 
w ave break ing  w as s m a ll  c o m p a r e d  ΐο  the e n e rg y  d iss ip a t io n  due to gra in  
r e s is ta n c e  at this high v e lo c i t y .  C onsequently  wave break in g  had IittIe 
efiect: on in this run or  any of the runs w hich  used  the c o a r s e r
sand.
d. F r ic t io n  ia c t o r  o f  runs using 0. 233 m m  sand (Sand 2). F ig u re
4 -2 5  show s the va lues  o i  i b / f^ p lotted  against F rou d e  num ber io r  runs
o i  G rou ps  2 and 3. The w ater  su r ia ce  co n figu ra t ion  and depth o i i low
are  noted  by each  point. The i r i c t i o n  ia c to r  ra t io  o f  ih ese  runs g e n e ra l ly
in c r e a s e s  wit:h in c r e a s in g  F ro u d e  n u m ber . E x a c tIy ihe op p os ite  trend
w as o b s e r v e d  w iih  runs using Sand I (D = 0. 549 m m ) shown in H gure
S
4 -2 4 .  This iren d  can be exp la in ed  in t e r m s  o i  ihe s u c c e s s io n  o i bed and 
w ater su r ia c e  con fig u ra t ion s  a ccom p a n y in g  in c r e a s in g  F ro u d e  n u m bers .  
Wiih ihe ex ce p t io n  o i  Runs 4 -1 3 ,  4 -1 2  and 4 -2 5  w hich  had dunes, the runs 
at lo w e r  F ro u d e  n u m bers  had Hat: beds or  sm a ll  antidunes and n on -break in g  
s ta tion ary  w aves .  T h ese  co n iig u ra t io n s  had low  ir iction . i a c to r s .  Wiih 
in c r e a s in g  F ro u d e  num ber, la r g e r  antidunes f o r m e d  w hich  w e re  a c c o m ­
panied by act ive  w ave break ing . The ra ie  o i  e n e rg y  d iss ip a t io n  in wave 
b reak ing  in c r e a s e d  w iih  F ro u d e  num ber ia s i e r  than the e n ergy  d iss ip a t ion  
due to gra in  r e s is ta n c e  w hich  w as r e la t iv e ly  low  i o r  this Hne sand. 
C onsequently , ί^ /ί^  a ls o  in c r e a s e d .  At h igher  F ro u d e  n u m bers ,  
i b / i b e x c e e d s  two indicating that the w ave break ing  ca u se d  the rate o i
F i g .  4 - 2 5 .  R e l a t i o n  o f  f r i c t i o n  f a c t o r  r a t i o  to  F r o u d e  n u m b e r  f o r  0 . 2 3 3  m m  sa n d .
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e n e rg y  d iss ip a t ion  to be m o r e  than tw ice  what it w ould  have been  fo r  
a f lo w  with the sam e depth and v e lo c i ty  o v e r  a flat  bed  o f  the sam e sand.
F o r  the runs o f  G rou ps  2 and 3 the f r i c t io n  fa c t o r  ra t io  was 
often m u lt i -v a lu e d  f o r  a g iven  F ro u d e  num ber and depth. This  r e f le c t s  
the s ign if ican t  r o le  p layed  by the w ave a ct iv ity  in d e term in in g  the f r ic t io n  
fa c to r .  F o r  a g iven  F ro u d e  n um ber the amount o f  w ave act iv ity  depended 
on the depth and to a c e r ta in  extent on the f lu m e  inlet con d it ion . F o r  
these  F ro u d e  n u m b e rs ,  f ^ / i ' in c r e a s e d  as the depth in c r e a s e d  o r  as 
the in let cond it ion  w as changed  to p ro d u ce  m o r e  wave activ ity .
A  c o m p a r is o n  of Run 4 -3 2  (F  = I .  18) and Run 4 -3 3  (F  = I .  17, 
see  exa m p le  11 and f ig u re  4 -2 0 )  i l lu s tra te s  this point. T h e se  runs had 
n e a r ly  the sam e F ro u d e  nu m ber  but Run 4 -3 2  had a depth o f  0. 259 ft 
c o m p a r e d  to a depth o f  0. 248 ft f o r  Run 4 -3 3 .  Run 4 -3 2  had w aves  that 
w e r e  m uch  m o r e  act ive  and b rok e  m o r e  freq u en tly  and v io le n t ly  than 
those o f  Run 4 -3 3 .  A c c o r d in g ly ,  Runs 4 -3 2  and 4 -3 3  had f r ic t io n  fa c to r  
ra t ios  o f  2. 14 and I. 37 r e s p e c t iv e ly .
A  s im i la r  c o m p a r is o n  o f  Run 4 -2 8  o f  G roup  2 and 4 -2 2  o f  G roup
3 i l lu s tra te s  the e f fe c t  o f  the f lu m e  in let. T h ese  runs had n e a r ly  the
sam e depth and v e lo c i ty ,  but Run 4 -2 2  had m o r e  w ave act iv ity  due to
the s c r e e n  and the d i f fu ser  en trance  w hich  c a u se d  a p e r s is te n t  d isturbance
at the u p stream  end o f  the f lu m e . The w aves  w hich  did f o r m  in Run 4 -2 8
b rok e  quite w eakly  i f  at a ll .  F o r  Run 4 -2 8 ,  fb / f ^  = 1 .41  and fo r  Run
4 -1 1 ,  f  / f ' = 1 . 76 .  b b
S e v e ra l  o th er  e x a m p le s  can  be draw n f r o m  the runs o f  G rou ps  2 
and 3. T h ese  all c o n fo r m  to  the p r in c ip le s  outlined abov e .  In the r e g im e  
w h ere  antidunes can f o r m ,  f b / f b in c r e a s e d  as the amount o f  wave 
act iv ity  in c r e a s e d  with F ro u d e  num ber , and with depth o r  channel in let 
con d it ion  fo r  a f ix e d  F rou d e  n u m ber .
The runs o f  G roup  I did not; have this m u lt ip l ic ity  o f  f r i c t io n  
fa c to r  ra t io .  This  w as a r e su lt  o f  the fa c t  that the f r i c t i o n  fa c to r s  o f  
f lo w s  o v e r  the c o a r s e r  sand w e re  una ffected  by the p r e s e n c e  o f  antidunes 
and s ta tion ary  w a v e s .
At high F rou d e  n u m b e rs ,  the f r i c t i o n  fa c t o r s  w e re  in s o m e  c a s e s
s m a lle r  fo r  i lo w s  o v e r  Sand I (D = 0. 549 m m ) than i o r  c o m p a ra b le
S
i lo w s  o v e r  Sand 2 (D = 0. 233 m m ).  F o r  exa m p le ,  Runs 5 -9  w hich  used
S
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the c o a r s e  sand and 4 -2 7  w h ich  used  the fine sand had n e a r ly  the sam e 
depth and v e lo c i ty ,  but the f^ va lues  w e re  0. 0448 and 0 .0 5 1 2  
r e s p e c t iv e ly .  The w aves  o f  Run 5 -9  n e v e r  b rok e  w hile  the w aves  of 
Run 4 -2 7  had freq u en t ,  v io len t  b reak in g . The e n ergy  d iss ip a te d  in wave 
break ing  accou n ted  f o r  the la r g e r  f r i c t io n  fa c to r  o f  Run 4 -2 7 .  As is  
d is c u s s e d  in ch ap ter  5, the in c r e a s e d  w ave act iv ity  with the f in er  sand 
w as due to the fa ct  that this sand w as m o r e  e a s i ly  tra n sp o r te d  and the 
p ertu rbation  v e lo c i t ie s  cou ld  rap id ly  f o r m  antidunes with break ing  
s ta tion ary  w a v e s .  With the c o a r s e  sand (Run 5 -9 )  the l im it in g  height; of 
the antidunes w as not la rg e  enough to ca u s e  the w aves  to b reak .
e. S edim ent t ra n sp o r t  c h a r a c t e r i s t i c s . The sed im en t  d is ch a rg e
ra te s  are  p lotted  against m ean  v e lo c i ty  in f ig u re  4 -2 6 .  The total t r a n s ­
p o r t  rate p e r  unit width f o r  each  sand can be a p p rox im a ted  by an 
exponentia l re la t io n  of the f o r m  used  in se c t io n  2 -6  in analyzing the 
m o v e m e n t  of antidunes. Thus, v e r y  rough ly ,
G = 0. 31 V 3 ’ 4 (4 -1 )
f o r  Sand I (D = 0 .5 4 9  m m ) and 
g '
G =  0. 028 V 6 · 2 (4 -2 )
f o r  Sand 2 (D = 0. 233 m m ).  Depth had litt le  e f fe c t  on  the tra n sp ort  
6
rate  in the range in vest iga ted  (depths betw een  0. 074 ft and 0. 356 ft) but 
these  re la t ion s  a re  d e fin ite ly  not va lid  o v e r  a w ide range of depth. The 
e ffects  o f  w aves  and w ave break ing  on the sediment; d is c h a rg e  ra ie  are  
d is c u s s e d  in se c t io n  5 -4 .
In runs o f G roup I ( c o a r s e  sand), the g e o m e tr ic  m ean  d iam eter  
o i the t ra n sp o r te d  m a te r ia l  was equal to o r  g r e a te r  Uian the g e o m e tr ic  
m ean  s iz e  o f the bed  m a te r ia l  in all but two c a s e s  (Runs 5-1  and 5 -2 ) .
No explanation  i o r  this cu r io u s  e f fe c t  is  o f fe r e d  h e re .
f. S u m m a r y . The c o n c lu s io n s  re g a rd in g  the f i i c t i o n  fa c to r  and 
sed im en t  t ra n sp o r t  c h a r a c t e r i s t i c s  o i  f lo w s  in the la b o r a to r y  i lu m e s  m ay 
be s u m m a r iz e d  as io l lo w s ;
( l )  F lo w s  using Sand I (D = 0 .5 4 9  m m ) have a s in g le -v a lu e d
S
f r i c t i o n  ia c to r  io r  ea ch  depth and v e lo c i ty .  The H ic t io n  ia c t o r  is 
p r a d i c a l l y  un a ifected  by the p r e s e n c e  o i  anti dunes and s ta tionary  w aves .
F i g .  4 - 2 6 .  V a r i a t i o n  o f  s e d i m e n t  d i s c h a r g e  r a t e  w i t h  m e a n  v e l o c i t y .
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As the F rou d e  num ber is  in c r e a s e d ,  the f r i c t io n  fa c to r  g e n e ra l ly  
d e c r e a s e s  and a p p ro a ch e s  the value that w ould  be exp ec ted  fo r  a flat 
bed and w ater  s u r fa c e .
(2) F o r  f lo w s  o v e r  a bed  c o m p o s e d  of Sand 2 (D = 0. 233 m m ),
β
the f r i c t io n  fa c to r  g e n e ra l ly  in c r e a s e s  as the F rou d e  nu m ber  is  in c r e a s e d .  
At depths and v e lo c i t ie s  f o r  w hich  the f lo w  con figu ra t ion  is  not unique 
the f r i c t i o n  fa c to r  is not unique e ith er .  In these c a s e s ,  the f r ic t io n  
fa c to r  in c r e a s e s  as the am ount o f  w ave activ ity  in c r e a s e s .
(3) In the depth range  in vest iga ted ,  the rate  o f  sed im ent tra n sp ort  
g e n e ra l ly  in c r e a s e s  with v e lo c i ty  and can  be v e r y  rough ly  e x p r e s s e d  as
G = m  V n (2 -3 2 )
w h ere  m and n a re  constants  w h ich  depend on  the sand c h a r a c t e r i s t i c s .
The va lid ity  of the co n c lu s io n s  can  be a s s u re d  on ly  in the depth 
range in vest iga ted .  H ow ev er ,  there  is  no re a s o n  to b e l ie v e  that the 
p r in c ip le s  a re  not; qua lita tive ly  a c c u r a ie  in g e n e ra l .
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This ch ap ter  w il l  extend the d is c u s s io n  g iven  in chapter  4 in 
co n n ect ion  with the p resen ta t ion  o f  e x p e r im e n ta l  r e s u lt s .  In sect ion  
5 -1 ,  the m e a s u r e d  wave lengths w il l  be c o m p a r e d  with the va lues  given 
by the v e lo c i t y -w a v e  length re la t io n  d e r iv e d  in ch ap ter  2. Then the 
m e ch a n ism  of antidune fo rm a t io n  and grow th  w il l  be d e s c r ib e d  in detail,  
and this d e s c r ip t io n  used  to deduce  the quantities in v o lv ed  in the c r i t e r ia  
fo r  the fo rm a t io n  o f  antidunes and the o c c u r r e n c e  o f  b reak in g  w aves .  The 
w ork  o f  p re v io u s  in v e s t ig a to rs  in this f ie ld  w il l  a lso  be b r ie f ly  c o n s id e re d .  
The e f fe c t  o f  w aves  on the sed im en t  tra n s p o r t  rate  w il l  be d is c u s s e d  and 
the p r o b le m  of s ta tion ary  w aves  of fin ite  am plitude w il l  be posed .
F in a lly ,  the l im ite d  data ava ilab le  on antidunes in  naiura l s tre a m s  w ill  
be p re se n te d  and c o m p a r e d  w iih  the r e s u l is  o f  ih is  investigation .
5 - I . V e lo c i fy -W a v e  Lengfh  R e la fion
The m e a s u r e d  w ave IengUis and c o r r e s p o n d in g  m ean  v e lo c i t ie s  
r e p o r te d  in iab le  4 -1  are  p lotted  in f igu re  5 -1 .  The s fra ig h f  line r e p r e ­
sents the th e o r e t ica l  v e lo c i t y -w a v e  length re la t io n  fo r  tw o -d im e n s io n a l  
w aves  w h ich  was d e r iv e d  f r o m  the m in im u m  e n e rg y  h ypothes is  in 
se c t io n  2 -4  (equation  2 - 23). The c u rv e d  line r e p re s e n ts  the v e lo c i t y -  
w ave length re la t io n  d e r iv e d  in se ct io n  2 -7  f o r  th r e e -d im e n s io n a l  w aves 
( r o o s t e r  ta ils ) ,
P  ■ I r  V 1 + & 2' (2' 37)
In plotting equation 2 -37  on f ig u re  5 -1 ,  the w ave length in the t r a n s v e r se  
d ir e c t io n ,  b, has been  taken as the width o f  the 4 0 - f o o t  flum e (b = 0. 875 ft) 
s in ce  none o f  the runs in the 6 0 - fo o t  f lu m e had w aves  w hich  w e re  p r e ­
dom inantly  th r e e -d im e n s io n a l .
The a g re e m e n t  betw een  the e x p e r im e n ta l  po in is  and ihe U ieoret ica l  
tw o -d im e n s io n a l  re la t io n  is  w e ll  wiUiin the I im itS o f  e x p er im en ta l  a c c u r a c y  
w iih  ihe exce p t io n s  o f  Run 5 -1 4  and th ose  runs in Uie 40-foot: f lu m e  w hich
C H A P T E R  5
DISCUSSION OF RESU LTS
F i g .  5 - 1 .  M e a s u r e d  and  c o m p u t e d  v a l u e s  o f  w a v e  l e n g t h  
a s  a f i m c t i o n  o f  v e l o c i t y  f o r  l a b o r a t o r y  data .
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had la r g e ,  w ide r o o s t e r  ta i ls .  F o r  a g iven  v e lo c i ty ,  the w ave length of 
the la rg e  r o o s t e r  ta ils  w as s m a l le r  than the w ave length o f  tw o -  
d im en s ion a l waves. This  a g r e e s  qualita tive ly  with the th e o re t ica l  t h r e e -  
d im en s ion a l so lu tion  (equation  2 -3 7 ) .  This  so lu tion  cannot be exp ected  
to be m o r e  than qua lita tive ly  a ccu ra te  s in ce  the t r a n s v e r s e  w ave length 
of the r o o s t e r  ta ils ,  b, is  not n e c e s s a r i l y  equal to the f lu m e width. 
F u rth e r ,  as w as d is c u s s e d  in se c t io n  4 -2 d ,  the boundary cond it ion  a long 
the s id es  o f  r o o s t e r  ta ils  is  quite nebulous and p ro b a b ly  not the sam e as 
that used  in obtaining the t h r e e -d im e n s io n a l  solution .
The e f fe c t  o f  the f o r m  o f  the w aves  on the v e lo c i ty -w a v e  length 
re la t ion  is  i l lu s tra te d  by Run 5 -3  (d = 0. 245 ft, V = 2. 18 f t / s e c ,
L =  I .  00 ft, see  f ig u re  I - I )  and Run 5 -7  (d = 0. 147, V = 2. 60 f t / s e c ,
L =  1 .00  ft) . Both  o f  these  runs had the sam e w ave length, but the 
w aves  o f  Run 5 -3  w e re  tw o -d im e n s io n a l  w hile  Run 5 -7  had la r g e ,  w ide 
r o o s t e r  ta i ls .  A c c o r d in g ly ,  the v e lo c i t y -w a v e  length re la t ion s  co n fo rm  
quite w e ll  to the tw o -d im e n s io n a l  and t h r e e -d im e n s io n a l  solutions  
r e s p e c t iv e ly .
Although the w aves  o f  Run 5 -1 4  gave the im p r e s s io n  o f  being 
p re d o m in a te ly  tw o -d im e n s io n a l ,  the ir  w ave length d o e s  not a g re e  with .the 
tw o -d im e n s io n a l  so lu tion . C lo s e  in sp e ct io n  of the w aves  (se e  f igu re
4 -  14) show s that the w aves  actua lly  w e r e  s lightly  th r e e -d im e n s io n a l .
Th is  r e la t iv e ly  s m a ll  t r a n s v e r s e  o s c i l la t io n  w as p ro b a b ly  r e s p o n s ib le  
fo r  the d is c r e p a n c y .
5 -  2. D is c u s s io n  o f  the M ech an ism  of Antidune F o r m a t io n  and G row th
a. M agnitude of the h o r izo n ta l  p ertu rb a tion  v e lo c i t y  at the le v e l
of the b e d . F o r  the d is c u s s io n  o f  this s e c t io n ,  it w i l l  be conven ient to 
have an e x p r e s s io n  f o r  the h o r izo n ta l  p ertu rb a tion  v e lo c i ty  of tw o-  
d im en s ion a l w aves  at the le v e l  o f  the bed . The v e lo c ity  potential of the 
p ertu rb a tion  v e lo c i t i e s ,  / ,  is  the s e co n d  te rm  on the r ight of equation 
2 -1 3 ,
/  = . ^  y  TT c o s h k ( y  + H) c o s k x .  (5 -1 )' s in h k  H w '
In the c a s e  o f  f lo w  o v e r  antidunes, H = co ( see  s e c t io n  2 -4 )  and
/  = A V  c o s k x .  (5 -2 )
The h or izon ta l  p ertu rb a tion  v e lo c i ty  is
/  = - A k V  e^F s i n k x .  (5 -3 )
F o r  f low  o v e r  antidunes it w as shown in se ct io n  2 -4  that
V 2 = iL· (2 -2 3 )
2π
or
k = g (5 -4 )
V^
Substituting equation 5 -4  into equation 5 -3  y ie ld s
/ x  = -  g y / V s i n k x .  (5 -5 )
At the le v e l  of the bed  (y = -d) the h o r izo n ta l  p ertu rb a tion  v e lo c ity ,  
u, is
u = -  e s in k x .  (5 -6 )
V
The w ave height, 2A, can  have any value betw een  z e r o  and 
0. 142 L  (se e  s e c t io n  2 -5 ) .  Thus when the ratio  of w ave height to the 
c r i t i c a l  height f o r  break in g  is at a g iven  va lue , the height is  p ro p o r t io n a l  
to the w ave length . Stated another way, w aves  of equal s teep n ess  have 
heights w hich  a re  p o r p o r t io n a l  to their  r e s p e c t iv e  w ave length s . S u b s t i ­
tuting A  = C . L and equation 2 -23  into equation  5 -6 ,  g ives
- 1 / F 2u = - 2 n C j V e  ' s in  k x .  (5 -7 )
Equation 5 -7  can  be used  to  c o m p a r e  the m agnitudes  o f  u f o r  d ifferen t  
f lo w s  in  w h ich  the w ave heights a re  a g iven  p r o p o r t io n  of the c r i t i c a l  
value f o r  break in g , o r  in w h ich  the w aves  have the sam e s te e p n e ss .  The 
m agnitude of u is  seen  to in c r e a s e  w ith v e lo c i t y  and F ro u d e  n u m ber .
b. The r o le  o f  the p ertu rb a tion  v e l o c i t i e s . S ta t io n a r y w a v e s  in 
open channels  can  o c c u r  o v e r  a w ide range of F rou d e  n u m b e rs .  If they 
do not a r is e  spon taneously  they can  often be induced . The p ertu rbation  
v e lo c i t ie s  w h ich  a c co m p a n y  these  w aves  are  r e sp o n s ib le  fo r  the fo rm a t io n  
o f  antidunes. Under the w ave trou gh s ,  the h or izon ta l  p ertu rb a tion  v e lo c ity  
and the f lo w  v e lo c i ty  are  in the sam e d ir e c t io n  so the total h or izon ta l  
v e lo c i ty  is  g r e a te r  than its m ean  value and l o c a l  s co u r  r e s u lt s .  C o n ­
v e r s e ly ,  under the w ave c r e s t s  the p ertu rb a tion  v e lo c i ty  op p o se s  the f low
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v e lo c i t y  and lo c a l  d e p o s it io n  r e s u lt s .  This pattern  of s co u r  and d ep os it ion  
is c a l le d  d if fe ren tia l  d e p os it ion .  D iffe ren t ia l  d e p o s it io n  w hich o c c u r s  on 
a f la t  bed  f o r m s  antidunes. S ince  the sed im en t  co n ce n tra t io n  is  g re a te s t  
n ear  the le v e l  o f  the bed , it is  the h o r izo n ta l  p ertu rb a tion  v e lo c i ty  in 
this v ic in ity  w h ich  is  im portan t in cau s in g  d if fe ren t ia l  d ep os it ion .
If the depth o f  f lo w , v e lo c i ty ,  and sand s iz e  a re  such  that dunes 
are  p re se n t  when s ta tion ary  w aves  o c c u r ,  the f o r m  o f  the dunes w il l  be 
m o d i f ie d  by the p ertu rb a tion  v e lo c i t ie s  if  those  v e lo c i t ie s  a re  su ff ic ien t ly  
la rg e  in  the v ic in ity  o f  the bed . The p ertu rb a tion  v e lo c i t ie s  cause  the 
dunes to b e c o m e  p e r io d ic a l ly  la r g e r  and m o r e  rounded  than dunes w hich  
a re  not cou p led  w ith the f r e e  s u r fa c e .  Such dunes w hich  a re  s tron g ly  
cou p led  with the w a te r  s u r fa ce  a re ,  by de fin ition , a lso  antidunes (s e e  
s e c t io n  1-1 f o r  defin ition ).  T ext  e x a m p le s  2 and 3 ( f ig u re s  4 -7  and 4 -8 )  
o f  s e c t io n  4 -3  i l lu s tra te  this type o f  f low . In this c a s e ,  d i f fe ren t ia l  
d ep os it ion  d oes  not actua lly  f o r m  the antidunes, but it d oes  m od ify  their  
shape and s iz e .  No in stan ces  of this phenom enon  o c c u r r in g  in natural 
s tr e a m s  have been  r e p o r te d  and dunes s tro n g ly  cou p led  with the w ater  
s u r fa c e  m ay  be a la b o r a to r y  c u r io s i t y .  This  type o f  antidune w ill  not be 
c o n s id e r e d  fu rth er  in this d is c u s s io n .
In the m o r e  c o m m o n  situation in w hich  antidunes f o r m  f r o m  a 
flat  bed , as the am plitude o f  the antidunes in c r e a s e s  due to d if fe ren t ia l  
d ep o s it io n ,  the am plitude o f  the s u r fa c e  w aves  a lso  in c r e a s e s .  This  
in c r e a s e  in w ave am plitude ca u s e s  an in c r e a s e  in the m agnitude o f  the 
p ertu rb a tion  v e lo c i ty  (se e  equation  5 -6 )  w h ich  tends to in c r e a s e  the rate 
o f  d i f fe re n t ia l  d e p o s it io n .  H ow ev er ,  as the antidunes b e c o m e  h igher and 
s te e p e r ,  the grav ity  f o r c e  r e s is t in g  the m o v e m e n t  o f  sed im en t  f r o m  anti­
dune troughs to c r e s t s  a lso  in c r e a s e s .  When the e f fe c ts  o f  g rav ity  and 
the p ertu rb a tion  v e lo c i ty  ba lan ce  ea ch  oth er , the antidunes do not grow  
fu rth er .  Th is  l im it in g  height o f  the antidunes depends on the depth of 
flow, m ean  v e lo c i ty ,  and tra n s p o r t  c h a r a c t e r i s t i c s  of the sand. If the 
w ave s teep n ess  c o r r e s p o n d in g  to this l im it in g  height e x c e e d s  the c r i t i c a l  
va lue, the w aves  w il l  b reak .
E ven  though the antidunes have r e a c h e d  the ir  l im it ing  height, 
they can  m o v e  u p stream  s in ce  s co u r  s til l  o c c u r s  on the d ow n stream  
s lo p e s  and sed im en t  is  d e p o s ite d  on the u p stre a m  s lo p e s .  H ow ever , no
fu rth er  d ep o s it io n  o c c u r s  at the peaks of the antidunes and no iu rth er  
s co u r  o c c u r s  at the bottom s  o i  the trou gh s .  Thus, at the l im iting  height, 
d i f fe re n t ia l  d ep os it ion  ca u s e s  the antidunes to  m o v e  u p stream  but does  
not; in c r e a s e  their  height;. A m o r e  c o m p le te  d is c u s s io n  o i  antidune m o v e ­
ment: is  g iven  in se c t io n  2 -6 .
c . Im p or fa n ce  of  the transport: ca p a c ity  o f  a s tre a m  fo r  its bed
m a t e r ia l . In s e c t io n  4 - 4  it w as shown that the m e a s u r e d  sed im ent t r a n s ­
p or t  ra te s  w e re  rough ly  p ro p o r t io n a l  to a p ow er  o f  the m ean  v e lo c i ty .
This  p ow er ,  n, w as 3 .4  f o r  Sand I (D = 0 .5 4 9  m m ) and 6. 2 fo r  Sand 2 
(D = 0. 233 m m ). Other in v e s t ig a to rs  have a ls o  found that the tra n sp ort
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rate  can  be e x p r e s s e d  as a p ow er  (usu ally  g re a te r  than three) o f  the m ean 
v e lo c i ty  i f  the sed im en t  is  tra n sp o r te d  p r im a r i ly  as bed  load . It th e r e io r e  
s e e m s  not u n reasonab le  to exp ect  that the lo c a l  t ra n sp o r t  rate is  p r o p o r ­
tional to a p o w e r  o i  the l o c a l  total h o r izo n ta l  v e lo c i ty .  * If  this is the 
c a s e ,  a r e la t iv e ly  s m a ll  change in the lo c a l  total h or izon ta l  v e lo c i ty  due 
to the p ertu rb a tion  v e lo c i t ie s  can ca u se  a r e la t iv e ly  la r g e  change in the 
lo c a l  tra n sp o r t  rate . Thus the p ertu rb a t ion  v e lo c i t ie s  w h ich  a re  quite 
s m a ll ,  and cou ld  not th e m se lv e s  t ra n sp o r t  enough sed im en t  f r o m  c r e s t s  to 
troughs to i o r m  antidunes, can  a i ie c t  the lo c a l  tra n s p o r t  o i  the s tre a m  and 
ca u se  the d i i fe re n t ia l  d e p o s it io n  w hich  iorrris antidunes.
If  the lo c a l  tra n sp o r t  rate is  p ro p o r t io n a l  to a p o w e r  g re a te r  
than unity o i  the l o c a l  v e lo c i ty ,  the rate  o i  d i f fe re n t ia l  d ep os it ion  ca u se d  
by a p ertu rb a tion  v e lo c i ty  o i  a g iven  m agnitude w il l  depend on the f low  
v e lo c i ty  and thus the g r o s s  tra n s p o r t  ra te .  T h e r e io r e ,  i i  the tra n sp ort  
rate is  low , even  r e la t iv e ly  la r g e  p ertu rb a tion  v e lo c i t ie s  can  ca u se  v e r y  
little d i f fe ren t ia l  d ep os it ion  and the antidunes w h ich  f o r m  (i f  any) are  oi 
van ish ing ly  s m a ll  am plitude. At the o ther  e x tr e m e ,  no antidunes w ill  
i o r m ,  r e g a r d le s s  o i  how high the t ra n sp o r t  rate is ,  un less  the hor izon ta l  
p ertu rb a tion  v e lo c i ty  in the v ic in ity  o i  the bed is  la rg e  enough to a i ie c t  
the lo c a l  t ra n sp o r t  ca p a c ity  and ca u se  d i f fe re n t ia l  d ep os it ion .
This  c o n s id e r a t io n  points out the im p o rta n ce  o i the tran sp ort  
ca p a c ity  o i  a s tre a m  io r  its  bed  m a te r ia l  in d eterm in in g  the behavior
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* Th is  is  one o i the a ssu m p tion s  w hich  w as m ade in investigatin g  the 
m o v e m e n t  o i  antidunes. See s e c t io n  2 -6 .
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of the f lo w . At a g iven  depth o f  f low  and v e lo c ity ,  p ertu rb a tion  v e lo c i t ie s  
w h ich  do not ca u se  s ign if ican t  d i f fe re n t ia l  d ep os it ion  of one sand can 
be su ff ic ien t  to f o r m  antidunes o f  a p p re c ia b le  m agnitude on a bed of 
f in e r ,  m o r e  e a s i ly  t ra n sp o r te d  sand. L ik e w is e ,  the tra n sp o r t  cap ac ity  
is  im portan t in d e term in in g  how freq u en tly  antidunes f o r m ,  their  rate 
o f  grow th , and w hether the l im iting  height of the antidunes is  such  
that the w aves  break .
5 -3 .  C r i t e r ia  f o r  the F o r m a t io n  of Antidunes and B reak ing  W aves
a. D is c u s s io n  o f  c r i t e r i a . If the depth o f  f iow , v e lo c ity ,  and 
sand s iz e  are  such  that only m in im a l d i f fe re n t ia l  d ep os it ion  o c c u r s ,  the 
la r g e s t  antidunes that f o r m  w ill  be o f  van ish ing ly  s m a ll  am plitude . As 
the depth a n d /o r  v e lo c i t y  a re  changed  to in c r e a s e  the rate  o f  d if fe ren t ia l  
d ep os it ion ,  a point w il l  be re a ch e d  at w h ich  antidunes can  be d is c e r n e d .  
This  point is  not at a l l  w e l l  d e fin ed  and its d e te ct io n  depends g rea t ly  on 
the e yes igh t  and judgm ent o f  the o b s e r v e r .  It th e r e fo r e  s e e m s  som ew hat 
m e a n in g le ss  ΐο speak  o f  a c r i t e r io n  f o r  the fo rm a t io n  of anlidunes. A 
ra t io  o f  antidune height to w ave length m ight be de fin ed  above  w hich , by 
defin ition , antidunes are  said  to e x is t ,  but this would be hard to m e a s u r e  
and w ould  s e r v e  litt le  use fu l p u rp o se .  A  m o r e  m eaningfu l c r i t e r io n ,  and 
the one w h ich  w il l  be c o n s id e r e d  h e re ,  is  the c r i t e r io n  f o r  the o c c u r r e n c e  
of b reak ing  w a v e s .  Th is  con d it ion  is  m o r e  e a s i ly  r e c o g n is e d .
When speaking of a c r i t e r io n  for the o c c u r r e n c e  o f  break ing  w aves  
(o r  antidunes) it m u st  be b orn e  in m ind  that o v e r  a c e r ta in  range o i  depth 
and v e lo c i ty  the bed  and w ater  su r ia ce  w il l  be i la t  un less  the i lo w  is 
d istu rbed  to i o r m  an in itia l w ave. In this ran ge ,  the c r i t e r io n  w il l  te ll 
w hether break ing  w aves  (o r  antidunes) can  o c c u r .
The io r m a t io n  o i  antidunes and o i  b reak ing  w aves  - - in d eed , the 
w hole antidune p h e n o m e n o n - - is  in t im ate ly  re la ted  to the t ra n sp o r t  o i  
sed im ent. As has been  pointed  out re p e a te d ly  in p r e v io u s  ch a p te rs ,  the 
p h y s ica l  law s govern in g  this t ra n sp o r t  are  unknown. Thus only an 
e m p ir i c a l  c r i t e r io n  can  now be g iven  i o r  the o c c u r r e n c e  o i break ing  
w aves .  A s s u m e d  tra n sp o r t  law s can  be used  in con n e ct io n  with the 
potentia l i lo w  th eory  o i  ch ap ter  2 and s e c t io n  5 -2  to  in v est iga te  the
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b eh a v ior  o f  the f lo w . H o w e v e r ,  the r e su lts  of such  a n a lyses  are  at best  
only qua lita tive ly  c o r r e c t  and they m a y  actua lly  be m is le a d in g .
b. C r i t e r io n  f o r  the o c c u r r e n c e  of b reak ing  w a v e s . In the depth
range in vest iga ted  (depths betw een  0. 074 ft and 0. 356 ft), w ave break ing
ap p eared  to be re la te d  to F ro u d e  num ber , as shown in f ig u r e s  4 -2 1 ,
4 -2 2  and 4 -2 3 .  F o r  Sand I (D = 0 .5 4 9  m m ),  break ing  w aves  w ere
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induced  at F rou d e  n um bers  betw een  0. 7 and I. 0 by the dunes w hich  
f o r m e d  on the bed. The w aves  a ls o  b rok e  if the F rou d e  n um ber was 
g r e a te r  than I. 8, p ro v id e d  the depth w as g r e a te r  than 0. 10 ft. F o r  Sand 2 
(D = 0 .2 3 3  m m ), break in g  w aves  cou ld  o c c u r  i f  the F ro u d e  num ber w as 
g r e a te r  than about 0 .9 .
O ver  a w ide range of depth and f o r  o ther  sands, these  va lues o f  
F ro u d e  n um ber can  not be exp ec ted  to be the c o r r e c t  c r i t e r io n  fo r  the 
o c c u r r e n c e  o f  b reak in g  w aves  b e ca u se  the antidune phenom enon  is  a lso  
re la ted  to the t ra n sp o r t  ca p a c ity  o f  a f lo w  fo r  the m a te r ia l  it  f lo w s  o v e r .
The F ro u d e  num ber is  s ign if ican t  f o r  two re a s o n s .  F i r s t ,  it is  one of 
the fa c to r s  w hich  d e te rm in e s  the m agnitude o f  the p ertu rb a tion  v e lo c i t ie s  
at the le v e l  o f  the bed (se e  equations 5 -6  and 5 -7 ) .  S econd , the F rou d e  
num ber d e te rm in e s  how stable  the w ater  su r fa ce  i s ;  i .  e. , how m uch  the 
e n e rg y  and m om entum  flu x  of the f lo w  m ust be changed  to p rod u ce  a wave 
of a g iven  m agnitude. At F  = I , a s m a ll  s ta tion ary  wave can  o c c u r  
with no change in the e n e rg y  and m om entum  f lu x  and thus the f lo w  is  least  
stable at this va lue . H o w e v e r ,  the F ro u d e  num ber says  nothing about the 
t ra n sp o r t  c h a r a c t e r i s t i c s  o f  the f low  o v e r  a w ide range o f  depth. Any 
c r i t e r io n  w hich  is  based  only on the h ydrau lic  c h a r a c t e r i s t i c s  of a s tream  
and d oes  not include the t ra n sp o r t  ca p a c ity  o f  the s tre a m  fo r  its  bed 
m a te r ia l  cannot be va lid  ex ce p t  o v e r  a l im ite d  range o f  depth.
F o r  e x a m p le ,  c o n s id e r  a f low  w hich  is  m u ch  d e e p e r  than those 
o f  this in vestiga tion . The v e lo c i t y  in c r e a s e s  as the square  ro o t  o f  the 
depth f o r  constant F rou d e  num ber and the sed im en t  t ra n sp o r t  rate g e n e ra l ly  
in c r e a s e s  as s o m e  h igher  p ow er  o f  the v e lo c i ty  (usually  g r e a te r  than
* T w o p a p e rs  by T . B r o o k s  B en jam in  (28, 29) p re se n t  an e x ce l le n t  
treatm en t o f  the r e la t io n  betw een  the e n e rg y  and m om en iu m  flu x  and 
F rou d e  num ber of a f lo w  and w ave c h a r a c t e r i s t i c s  of fhe f r e e  su r fa c e .
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th re e ) .  Equation 5 -7  shows that the m agnitude o f  the h or izon ta l  p e r ­
turbation  v e lo c i ty  at the le v e l  o f  the bed a ls o  in c r e a s e s  with v e lo c ity .  
C onsequ ently , an in c r e a s e  in depth at constant F rou d e  num ber leads  to 
a r e la t iv e ly  la rg e  in c r e a s e  in the sed im en t  t ra n sp o r t  rate and the 
d i f fe re n t ia l  d ep os it ion  ca u se d  by the p ertu rbation  v e lo c i ty .  Thus a f low  
at one depth with a ce r ta in  F rou d e  n um ber m ight not have break ing  w aves 
w hile  another f lo w  with the sam e F ro u d e  num ber but a la r g e r  depth can 
have a ct ive  w ave break in g . It w ould  be e x p e c te d  then that the c r i t i c a l  
F ro u d e  num ber f o r  a g iven  sand above w hich  break ing  w aves  can  o c c u r  
w ould  d e c r e a s e  as the depth in c r e a s e s .
C o n v e r s e ly ,  as the depth d e c r e a s e s ,  the F ro u d e  num ber above 
w h ich  break ing  w aves  can  f o r m  w ould  be e x p e c te d  to in c r e a s e  fo r  a 
g iven  sand. This  w as o b s e r v e d  to be the c a s e .  Runs 5 -1 1 ,  5 -1 2 ,  5 -13  
and 5 -1 8  had depths l e s s  than 0. I ft and F rou d e  n u m bers  of 2. 00, 2. 04,
1 .8 6  and 1.8 2  r e s p e c t iv e ly .  In Runs 5 -1 1 ,  5 -1 2  and 5 -1 3  the bed and w ater  
su r fa ce  w e re  f la t .  In Run 5 -1 8 ,  w aves  and antidunes w e re  induced at the 
u p stream  end o f  the f lu m e . T h ese  w aves  p e r s is t e d  to about station 20 
(rou gh ly  ten wave lengths f r o m  the point w h ere  the f lo w  was d isturbed) 
and d ow n stream  f r o m  this station the bed  and w ater  s u r fa c e  w e re  flat. 
B e ca u se  of the s m a ll  depths at w hich  these  runs w e re  c a r r i e d  out there  
was litt le  or  no wave a ct iv ity  d esp ite  the high F ro u d e  n u m bers .
5 -4 .  D is c u s s io n  o f  G i lb e r t 's  E x p e r im e n ts  and L a n gb e in 's  C r ite r io n  
f o r  Antidunes
The c la s s i c a l  e x p e r im e n ts  by G ilb e r t  (9) w e r e  d is c u s s e d  in 
s e c t io n  1 -2 .  G ilb e r t  con d u cted  runs in sy s te m a tic  g rou p s ,  ea ch  with 
a constant d is c h a r g e .  F o r  each  of these constant d is c h a r g e s ,  the depth, 
v e lo c i ty ,  s lope  and bed co n fig u ra t io n  w e r e  obtained  f o r  d i f fe re n t  rates  
o f  sed im en t  tra n s p o r t .  A s the sed im en t  load  was in c r e a s e d ,  the depth 
d e c r e a s e d  and the v e lo c i ty  in c r e a s e d .  At low  sed im en t  loads  dunes 
f o r m e d .  As the t ra n sp o r t  rate and v e lo c i ty  in c r e a s e d ,  the dunes gave 
way to a flat  bed  w h ich  p e r s is te d  until at s t i l l  h igher  v e lo c i t i e s ,  antidunes 
f o r m e d .  A c o m p a r is o n  o f  G i lb e r t 's  runs using Sand C (m ean  d ia m eter  = 
0 .5 0 6  m m ) with c o m p a ra b le  runs o f  this in vest iga tion  f r o m  G roup I
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(D = 0 .5 4 9  m m ) in d ica tes  that m any of G i lb e r t 's  f lo w s  w h ich  had a flat
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bed  w ould  p ro b a b ly  have had antidunes i f  the w ater  s u r fa ce  had been 
d is tu rb e d  to in itiate su r fa ce  w a v e s ;  i. e. , m any of the f lo w s  in w hich  
G ilb e r t  o b s e r v e d  a f la t bed w e re  in the r e g im e  w here  the f lo w  c o n f ig u ­
ra tion  is  not unique. Such a c o m p a r is o n  is  shown in table 5 -1 .
Table  5 -1
C o m p a r is o n  of F lu m e E x p e r im e n ts
Gilbert: Aufhor A uihor
Run no. 5 -1 7 * 5 -1 6 * *
M ean sand s iz e ,  m m 0 .5 0 6 0. 549 0. 549
F lu m e  width, ft I .  32 0. 875 0. 875
Depth, ft 0. 149 0. 146 0. 154
V e lo c i ty ,  f t / s e c 3. 73 3. 56 3 .45
F ro u d e  num ber I. 70 I. 64 I. 55
Slope 0 .0115 0 .0 1 5 4 0 .0 1 3 4
B ed con figu ra t ion flat; aniidunes flat;
* See exa m p le  4, s e c t io n  4 -3  and f ig u r e s  4 -4  I and 4 -1 2 .  
* * S e e  exa m p le  4, s e c t io n  4 -3  and f ig u re  4 -1 0 .
In fhe f lu m e  used  by G ilb e r t ,  the w ater en tered  the channel f r o m  
a la r g e  s t il l in g  box  and p ro b a b ly  r e c e iv e d  v e r y  little  d istu rba n ce .  Thus 
G ilbertds dafa cannot; be used  ίο d e te rm in e  the m in im u m  F ro u d e  num ber 
f o r  a g iven  depfh above  w hich  antidunes can f o r m  if  ihe f lo w  is d is fu rbed .
If Gilbert; had used  a different; f lu m e  en ira n ce ,  m any o f  the f lo w s  w hich  
had a flat; bed  p ro b a b ly  w ould  have had antidunes.
Langbein  (11) m ade  a d im en s ion a l  a n a lys is  o f  ihe f a c i o r s  invo lved  
in ihe fo r m a t io n  o f  anfidunes and then used  G ilbertds daia ΐο  a r r iv e  at the 
fo l low in g  c r i t e r io n  f o r  the fo rm a t io n  o f  antidunes:
^ f g r  - P  i   ^ V r ^  ( 5 “ 8 )
w here  the constants  i and j depend on the sand s iz e  and are  p resen ted  
in table 5 -2 .  G i lb e r t 's  data c o v e r e d  the range f r o m  V r = 0. I f t ^ /s e c  
to 0. 6 f t ^ / s e c .
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Table  5 -2
Constants  f o r  L angbe in 's  C r i t e r i o n  (Equation 5 -8 )
M ean
Sand Size
m m i j
0. 305 I . 07 I O »—1
0. 375 1 .13 -0 .  24
0. 506 I.  60 -0 .  06
La n gbe in 's  c r i t e r i o n  is  not va l id  to the extent that G i lb e r t ' s  data
are  m is le a d in g  in d e term in in g  the condit ions  f o r  w hich  antidunes can
f o r m .  The c r i t e r i o n  is va l id  only f o r  d e term in in g  the f low  condit ions
for which  antidunes f o r m e d  in G i l b e r t ' s  f lu m e .  B e ca u se  the entrance  to
G i l b e r t ' s  f lum e gave the f low  v e r y  li tt le  d is turba nce ,  antidunes can  o c c u r
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at l o w e r  va lues  of  ------ than ind icated  by La ngbe in 's  c r i t e r i o n .  In s e c t io n
5-7  it is shown that La n gbe in 's  c r i t e r i o n  does  not a c c u r a t e ly  p r e d i c t  the 
o c c u r r e n c e  of  antidunes in natural s t r e a m s  either .
The use of  the hydrau l ic  rad ius ,  r , instead  of the f l o w  depth is 
not c o r r e c t  s ince  the depth is the im portant  d im e n s io n  in c o n s idera t ion s  
of  the wave m e c h a n i c s ,  energy ,  and l o c a l  t ra n sp o r t  c h a r a c t e r i s t i c s  of  a 
f low .  A c o m p a r i s o n  of re su l t s  f r o m  the two d i f ferent  f lu m e s  used in this 
invest iga t ion  indicated  that the f lum e width (and thus r f o r  a constant 
depth) has l i ttle e f fe c t  on the f o r m a t io n  and beh a v ior  o f  antidunes.
5 -5 .  E f f e c t  of  W aves  on Sediment  T r a n s p o r t  Rate
Apparent ly ,  s u r fa c e  w aves  which  do not b r e a k  have little e f fe c t  
on the t r a n s p o r t  rate of  a s t r e a m .  F o r  e xa m p le ,  Run 5 - 1 6  (d = 0. 154 ft,
V = 3. 45 f t / s e c ,  F  = 1 .55 ,  see  f igure  4 -9 )  had a flat bed  and water 
s u r fa ce  while  Run 5 -17  (d = 0 .1 4 6  ft,  V = 3 .56  f t / s e c ,  F  = I.  64, see 
f igure  4 -10 )  had induced  antidunes and waves  which  did not break .  The 
t ra n s p o r t  rates  f o r  these two runs w e r e  22 .5  l b / f t - m i n  and 2 0 .6  l b / f t - m i n  
r e s p e c t i v e l y .  M uch  o f  this d i f f e r e n c e  cou ld  have been  due to e xp e r im e n ta l
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e r r o r  and it is  not s ign ificant.
A ct iv e  w ave b reak in g , h o w e v e r ,  g re a t ly  in c r e a s e s  the rate  of 
sed im en t  tra n sp o r t  s in ce  the agitation  a ccom pa n y in g  break ing  is v e r y  
e f fe c t iv e  in entrain ing bed  m a te r ia l .  F o r  e xa m p le ,  Runs 4 -2 7  (d = 0. 152 ft,
V = 3 . 2 9 f t / s e c ,  F  = I . 49, see  f ig u re  4 -1 9 )  and Run 4 -3 3  (d = 0 .2 4 8 ,
V = 3. 30 f t / s e c ,  F  = I .  17, see  f ig u re  4 -2 0 )  had v e r y  n ea r ly  the sam e 
v e lo c ity ,  but d i f fe re n t  depths. If both f lo w s  had been steady  and u n iform , 
the d e e p e r  f lo w , Run 4 -3 3 ,  w ould  have been  exp ected  to have a s lightly  
la r g e r  sed im en t  d is c h a r g e ,  i f  there  w e re  any d i f fe r e n c e  at a ll .  A ctually , 
both runs had antidunes and break ing  w a ves .  The w aves  of Run 4 -2 7  brok e  
m uch  m o r e  freq u en tly  and v io len tly  ( c o m p a r e  f ig u r e s  4 -1 9  and 4 -2 0 ) ,  giving 
a sed im en t  tra n sp ort  rate of 65. 2 l b / f t - m i n  c o m p a r e d  to 3 0 .0  l b / f t - m in  
f o r R u n 4 - 3 3  w hich  had m u ch  le s s  wave act iv ity  and a s m a l le r  depth.
5 -6 .  S tationary W aves  o f  F in ite  A m plitude
In the an a lytica l c o n s id e r a t io n s  o f  chapter  2 f r o m  w hich  the 
v e lo c i ty -w a v e  length re la t io n  w as d e r iv e d ,  it was a ssu m e d  that the w aves  
are  of van ish ingly  s m a ll  am plitude. It was then shown by the m in im um  
e n e rg y  hypothes is  that f lo w  o v e r  antidunes c o r r e s p o n d s  to the top part of 
a grav ity  w ave in a f lu id  o f  infinite depth. The c e le r i ty  o f  this wave is 
equal to the f lo w  v e lo c i ty  so  it appears  s ta tion ary . The e x p e r im e n ta l  
r e su lts  a g re e d  w ith the v e lo c i t y -w a v e  length re la t io n  o f  this l in e a r ize d  
th e o ry  (s e e  se c t io n  5 -1 ) .
H ow ev er ,  the s ta tion ary  w aves  w h ich  a c co m p a n y  aniidunes 
usually  do noi have s m a ll  a m p liiu d es .  A s soon  as aniidunes a re  in it ia led  
the am p liiu d es  of both the aniidunes and s ta tion ary  w aves  in c r e a s e ,  and 
the w ave am plitude often  r e a c h e s  the c r i t i c a l  value f o r  break in g . The 
c e le r i t y  o f  w aves  o f  fin ite  am plitude is g iven  by K eulegan  (30) as
C2 = I i i  (I + A 2k 2 + - A 4k4 + . . . )  (5 -9 )2π 2
w here  A is the w ave am plitude and k the wave n u m b er .  The c e le r i ty  
in c r e a s e s  w ith am plitude and the c e le r i t y  of the highest; wave w hich  can 
o c c u r  (2A c = 0. 142 L  ) is  about; ten percent; g r e a ie r  ihan one o f  n eg lig ib le  
am plitude.
Th is  c o n s id e r a t io n  lead s  to an apparent in c o n s is te n c y .  The wave
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length of the antidunes and sta tion ary  w aves  is  d e te rm in e d  when they 
f i r s t  a re  in itiated . At this stage , the am plitude o f  the su r fa ce  w aves 
is  v e r y  s m a ll  and the wave length is  s e le c te d  so  that the w ave c e le r i ty  
is  equal to the f lo w  v e lo c i ty ,
L  = I l P .  (2 -2 3 )
g
A s the antidunes b e c o m e  h igher , the am plitudes  of the s u r fa ce  w aves  
in c r e a s e  but the w ave length cannot change s in ce  this w ould  d isp la ce  
ad jacent w aves  in the tra in . Equation 5 -9  shows that the wave c e le r i ty  
a ls o  in c r e a s e s .  This  r a is e s  the question  of how w aves  o f  f in ite  am plitude 
p e r s i s t  o v e r  antidunes when the in itia l v e lo c i iy -w a v e  lengih  re la t ion  is 
that; f o r  w aves  of n eg lig ib le  am plitude (equation  2 -2 3 ) .  The u p s h e a m  
m ovem ent: o f  the antidunes is m u ch  too s low  ΐο account: f o r  this d i f fe r e n c e .
The in c r e a s e  in c e le r i t y  w iih  am pliiude  might: be instru m en ta l 
in cau s in g  the break ing  o f  ihe w a v e s .  W ith in cre a s in g  am pliiude , the 
wave con fig u ra t io n  has a s tr o n g e r  ten d en cy  to m o v e  u p strea m  re la t ive  
to the antidunes. This  tendency  o f  the w ave c r e s t s  to m ove  tow ard  the 
antidune troughs m ight p o s s ib ly  p re c ip ita te  break in g . The c lo s e  a g r e e ­
m ent betw een  the th e o r e t ica l  value o f  c r i t i c a l  wave height g iven  in se c t io n  
2-5  and the m e a s u r e d  va lues  g iven  in the fifth  co lu m n  of table 4-1  
in d ica tes  in any event that w aves  b reak  when their  height is at or near 
the m ax im u m  p o s s ib le  value p r e d ic te d  by M ich e l l  (16).
5 -7 .  Antidunes and Stationary W aves  in N atural S tream s
a. G e n e r a l . M ost  natural s tre a m s  have c r o s s - s e c t i o n s  w hich  
are  quite i r r e g u la r .  A typ ica l  exa m p le  is  shown in f ig u re  5 -2 .  In 
se c t io n s  of this f o r m  the lo c a l  depth and v e lo c i ty  v a ry  a c r o s s  the 
se c t io n  and con seq u en t ly  dunes, flat  bed, and antidunes often  o c c u r  
s im u lta n eou s ly  in d ifferen t  parts  of the s tre a m . F o r  exam p le  at the 
lo ca t io n  on the V irg in  R iv e r  shown in f ig u r e s  5 -2  and 5 -3 ,  dunes 
o c c u r r e d  in the deep part at the le ft ,  w hile  antidunes o c cu p ie d  the 
sh a llow er  ce n tra l  p ortion .  The bed  w as fla t  in the r e g io n s  ad jacent to 
the antidunes and the r e g io n  at the fa r  r ight was c o v e r e d  with c o b b l e ­
s ton es .
F i g .  5 - 2 .  C r o s s  s e c t i o n  ( l o o k i n g  d o w n s t r e a m )  
o f  V i r g i n  R i v e r  n e a r  St.  G e o r g e ,  Utah.
F i g .  5 - 3 .  D o w n s t r e a m  v i e w  o f  V i r g i n  R i v e r  at 
l o c a t i o n  o f  c r o s s  s e c t i o n  s h o w n  in  f i g u r e  5 - 2 .
1 3 3
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The o c c u r r e n c e  and c h a r a c t e r is t i c s  of antidunes and their  
s ta tion ary  w aves  depend only on the lo c a l  depth, v e lo c i ty ,  and s ize  of 
bed m a te r ia l ;  con sequ en tly  it is  these l o c a l  p a r a m e te r s  w hich  m ust be 
used  in a ll c o n s id e r a t io n s  invo lv ing  antidunes and sta tion ary  w a v e s .
Any ana lys is  perta in ing  to antidunes w h ich  is  based  on the m e a n  v e lo c i ty  
(Ο /A )  and the m ean  depth (a re a  d iv ided  by su r fa ce  width) f o r  the whole 
s e c t io n  w il l  in v a r ia b ly  lead  to e r r o n e o u s  co n c lu s io n s  un less  the s tream  
is  re c ta n gu la r  or  v e r y  n ea r ly  so .
b. S u m m ary  o f  f ie ld  data. V e r y  little quantitative in form a tion  
on antidunes and sta tion ary  w aves  is ava ilab le .  T ab le  5 -3  s u m m a r iz e s  
all o f  the data p re se n t ly  ava ilab le  to the w r it e r .  The depths and v e lo c i t ie s  
given  in co lu m n s  I and 2 r e s p e c t iv e ly  are  the m ean  va lues  in the re g io n  
w h ere  antidunes o c c u r r e d .  An es tim ate  o f  the a c c u r a c y  o f  the data, 
based  on the con d it ions  under w hich  it w as obtained , is  in c luded  fo r  each  
f lo w  in co lu m n  6. The sta tion ary  w aves  of the V irg in  and L ittle  C o lo ra d o  
R iv e r s  w e re  a c t iv e ly  b reak in g . The exa ct  d eta ils  o f  the s u r fa c e  c o n f ig u ­
rations  fo r  the other r iv e r s  a re  not known but the f ie ld  notes  gave the 
im p r e s s io n  that the w aves  w e re  break ing .
The v e lo c i ty -w a v e  length data o f  table 5 -3  f o r  the natural s tre a m s  
are  p lotted  in f ig u re  5 -4 .  The a g re e m e n t  with the th e o re t ica l  re la t ion  
d e r iv e d  in se c t io n  2 -4  is  good  co n s id e r in g  the p o o r  a c c u r a c y  o f  m u ch  of 
the data.
In the d is c u s s io n  o f  s e c t io n  5 -3 ,  it was h y p oth es ized  that the
c r i t i c a l  F rou d e  n u m bers  f o r  the fo rm a t io n  of antidunes and sta tionary
w aves  d e c r e a s e  as depth in c r e a s e s .  The f lo w s  of table 5 -3  w hich had
depths g r e a te r  than three  fe e t  (N os. 10, 11 and 12) had antidunes and
sta tion ary  w aves  at F rou d e  n u m bers  o f  only 0. 81, 0. 65 and 0. 68
r e s p e c t iv e ly .  In la b o r a to r y  f lo w s  at s m a l le r  depths using a f in er  sand
(D = 0. 233 m m ) break in g  w aves  did not o c c u r  at F ro u d e  n u m bers  le s s
β
than 0 . 9 .  This in d ica tes  that the h ypothes is  m ay  be c o r r e c t .
The sand s iz e s  of f lo w s  No. 3 through 12 a re  in the range 
c o v e r e d  by L a n g b e in 's  c r i t e r io n .  A c c o r d in g  to this c r i t e r io n ,  assu m in g  
the depth can  be used  as the h ydrau lic  rad ius fo r  these  w ide f lo w s ,  none 
of these  f lo w s  w ould  have had antidunes.
(a)S u m m a ry  o f  Data f o r  F lo w  o v e r  A ntidunes  in  N atural S tre a m s  v '
T ab le  5 -3
I 2 3 4 5 6 7 8
d V F L D
g
No. Depth V e lo c i t y
F rou d e
N u m ber
W ave 
L ength
B ed
M a te r ia l
S ize
E st im a te d
A c c u r a c y R iv e r L o c a t io n
ft. f t / s e c ft m m
I 0 .2 3 2. 48 0. 91 I. 25 0. 157 G o o d L itt le  C o lo r a d o C a m e r o n ,  A r iz o n a
2 0 .4 0 3. 25 0. 91 2. 10 0. 185 G ood V irg in  ^ St. G e o r g e ,  Utah
3 0. 18 3. 2 I. 33 I. 5 0. 45 P o o r G r a v e l  P it  R unoff B yhalia , M is s .
4 0. 2 2. I 0. 8 I. I 0. 32 F a ir L a b o r a t o r y  C re e k P ig e o n  R o o s t  W a tersh ed , 
M is s .
5 0. 47 3. 80 0. 98 2. 6 0. 41 G ood P ig e o n  R o o s t  C re e k ARS Sta. 12, P ig e o n  R o o s t  
W a te rsh e d ,  M is s .
6 0 .6 2 4. 32 0. 97 3. 2 0. 41 G ood P ig e o n  R o o s t  C re e k A R S Sta. 12, P ig e o n  R o o s t  
W a te rsh e d ,  M is s .
7 0. 8 4. 9 0. 97 4. 0 0. 38 G ood D ry  F o r k  C re e k A R S Sta. 10, P ig e o n  R o o s t  
W a te rsh e d ,  M is s .
8 I. 3 5. 4 0. 83 7. I 0. 38 F a ir D ry  F o r k  C re e k ARS Sta. 10, P ig e o n  R o o s t  
W a te rsh e d ,  M is s .
9 I. 38 6. 56 0. 98 11 . 0. 38 G ood  ^ D ry  F o r k  C re e k ARS Sta. 10, P ig e o n  R o o s t  
W a tersh ed , M is s .
10 3. 0 8. 0 0. 81 10. 0. 46 P o o r Cuffawa C r e e k ARS Sta. 32, P ig e o n  R o o s t  
W a te rsh e d ,  M is s .
11 3. I 6. 5 0. 65 15. 0. 41 P o o r P ig e o n  R o o s t  C re e k A R S  Sta. 17, P ig e o n  R o o s t  
W a te rsh e d ,  M is s .
12 4. 0 7. 7 0. 68 14 0. 41 P o o r P ig e o n  R o o s t  C re e k ARS Sta. 34, P ig e o n  R o o s t  
W a te rsh e d ,  M is s .
(a) D a ta  on s t r e a m s  of the P ig e o n  R o o s t  W a te rsh e d  was supp lied  by the A g r ic u l tu r a l  R e s e a r c h  S e r v i c e  (ARS) 
o f  the U. S. D epartm en t  o f  A g r ic u l tu r e .
(b) See f ig u r e s  5 -2  and 5 -3 .
(c) T his  va lue  o f  wave length  is  open to s o m e  qu est ion  as there  was a d is c r e p a n c y  in the f ie ld  n otes .
I. 35
F i g .  5 - 4 .  M e a s u r e d  and c o m p u t e d  v a l u e s  o f  w a v e  l e n g t h  
a s  a f u n c t i o n  o f  v e l o c i t y  f o r  da t a  f r o m  n a t u r a l  s t r e a m s .
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C H A P T E R  6
SU M M ARY OF CONCLUSIONS
The fo l lo w in g  c o n c lu s io n s  are  based  on a c o m p r e h e n s iv e  
th e o r e t ica l  and e x p er im en ta l  study o f  the o c c u r r e n c e  and c h a r a c t e r is t i c s  
o f  antidunes and a s s o c ia te d  s ta tion ary  w a v e s ,  in c lud ing  th e ir  e f fe c ts  on 
the f r i c t i o n  fa c to r  and sed im en t  tra n sp o r t  ca p a c ity  of a lluv ia l s t re a m s .
The two d if fe ren t  sands used  in the la b o r a to r y  in vestiga tion  had g e o m e tr ic  
m ean  s ie v e  d ia m e te rs  o f  0 .5 4 9  m m  and 0 .2 3 3  m m .
The p r in c ip a l  c o n c lu s io n s  m ay  be s u m m a r iz e d  as fo l lo w s :
1. It w as shown that potentia l f lo w  o v e r  a w avy bed  is  the sam e 
as the segm en t o f  f lo w  above  an in term ed ia te  s tre a m lin e  at m ean depth d 
o f  the f lu id  m otion  a ccom p a n y in g  a tra in  o f  s ta tion ary  g rav ity  w aves  in
a flu id  with a h o r izo n ta l  bottom  at m ean  depth H. The wave is  m ade 
sta tion ary  by im p o s in g  on the f lu id  a un iform  v e lo c ity  equal and op posite  
to the w ave c e le r i ty .  F o r  a g iven  v e lo c i ty ,  the w ave length is re la ted  only 
to the depth to the v ir tu a l h o r izo n ta l  bottom , H.
2. In the c a s e  o f  f lo w  o v e r  an e ro d ib le  sand bed , the f lo w  d e fo r m s  
the bed  by s c o u r  and d ep os it ion .  S ince there  is th e o r e t ica l ly  an infinite 
n um ber o f  p o s s ib le  w ave lengths and shapes fo r  the w aves  and antidunes,
it was h yp oth es ized  that, f o r  a g iven  f lo w  v e lo c i ty ,  the f lo w  shapes the 
sand bed to c o n fo r m  to a s tre a m lin e  o f  the flu id  m otion  a ccom p a n y in g  
the s ta tion ary  g ra v ity  w ith the m in im um  e n e rg y .  It was a ls o  a ssu m ed  
that the potentia l f low  so lu tion  is  ap p licab le  to the re a l  f lu id  f low  o v e r  a 
d e fo r m a b le  sand bed . The m in im um  e n e rg y  f lo w  c o r r e s p o n d s  to the 
c a s e  H = co in the so lu tion  d e s c r ib e d  in eon e lu s io n  I .  Thus, under this 
rep re se n ta t io n ,  f lo w  o v e r  antidunes is  the sam e as the segm en t o f  f low  
above an in term ed ia te  s tre a m lin e  o f  the f lu id  m otion  a s s o c ia te d  with a 
s ta tion ary  g rav ity  w ave in a f lu id  o f  infinite  depth.
3. It fo l lo w s  f r o m  this re p re se n ta t io n  o f  f lo w  o v e r  antidunes 
that the re la t io n  betw een  the m ean  f lo w  v e lo c i ty ,  V, and the wave length, 
L, o f  the s ta tion ary  w aves  and antidunes is g iven  by
V 2 = 4 ^ .  (2 -2 3 )
2π
1 3 7
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The w ave length is  independent o f  the depth o f  f lo w , d, and thus o f  the 
F ro u d e  num ber a ls o .  M e a su re d  va lues  o f  v e lo c ity  and wave length f r o m  
la b o r a to r y  and f ie ld  data w e re  in good  a g re e m e n t  with this re la t io n  when 
the w aves  w e re  tw o -d im e n s io n a l .
4. When t h r e e -d im e n s io n a l  s u r fa ce  w aves  ( r o o s t e r  ta ils )  f o r m e d ,  
the w ave length was s m a l le r  than that o f  tw o -d im e n s io n a l  w aves  f o r  a 
g iven  f low  v e lo c i ty .
5. T w o -d im e n s io n a l  w aves  b rok e  when the ra t io  o f  w ave height 
to w ave length (wave s te e p n e ss )  r e a ch e d  a value of a p p ro x im a te ly  0. 14. 
This  a g re e s  with the th e o r e t ica l  value f o r  deep w ater  w a v e s .
6. O ver  a l im ite d  range o f  depth and v e lo c i ty ,  s ta tion ary  w aves 
and antidunes f o r m e d  only i f  an in itia l s u r fa c e  w ave w as induced; i . e .  , 
the f lo w  con figu ra t ion  w as not unique. If the f lo w  was undisturbed , the 
bed  and w ater  s u r fa ce  w e r e  f la t  o v e r  the whole length of the f lu m e .  If
a d istu rba n ce  was induced  to f o r m  an in itia l s u r fa ce  w ave, s ta tion ary  
w aves  and antidunes p ropa gated  d ow n strea m  and o c c u r r e d  throughout the 
length o f  the f lu m e .  When the d istu rba n ce  w as r e m o v e d ,  the bed and 
w ater  s u r fa ce  again b e ca m e  fla t .
7. Antidunes are  the resu lt  o f  a pattern  o f  s c o u r  and d ep os it ion  
w h ich  is  c a u se d  by the p ertu rb a tion  v e lo c i t ie s  a ccom p a n y in g  sta tion ary  
w a v e s .  The f re q u e n cy  of aniidune fo rm a t io n ,  the ra ie  o f  antidune grow ih , 
and fhe break in g  o f  the w aves  a ll  depend on the lo c a l  ra fe  o f  sediment; 
transport:. T h e r e fo r e ,  no g e n e ra l  c r i i e r i o n  fo r  the fo rm a t io n  o f  antidunes 
or  the o c c u r r e n c e  of break ing  w aves  can  be g iven  until the law s govern in g  
the transport; o f  sediment: a re  known. F u r fh e r , any c r i t e r io n  w hich  does 
not include  ihe transport: c a p a c i iy  o f  a stuearn f o r  Hs bed  m a fe r ia l  is not; 
adequale . A t the present; t im e , on ly  e m p ir i c a l  c r i t e r ia  are  re l ia b le .
8. The re su lts  o f  this in vestiga tion , a study of ava ilab le  f ie ld  
data, and c o n s id e ra t io n s  o f  the m e ch a n ism  of antidune fo rm a t io n  and 
grow th  ind ica ted  that the c r i t i c a l  F ro u d e  num ber f o r  the o c c u r r e n c e  of 
break ing  w aves  (a) d e c r e a s e s  as the depfh o f  f low  is  in c r e a s e d ,  and 
(b) d e c r e a s e s  as fhe sand s iz e  is  d e c r e a s e d  and the sediment; b e c o m e s  
m o r e  e a s i ly  i r a n s p o r fe d .
9. S tationary w aves  w h ich  did not; b rea k  had IittIe effect; on ihe 
sedimenl; i r a n s p o r i  ca p a c ity  or  the f r i c t i o n  f a c i o r  o f  the s ire a m .
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10. S tationary w aves  w hich  b rok e  in c r e a s e d  the gross  sed im ent 
t ra n sp o r t  ca p a c ity  and the f r i c t io n  fa c to r  of the s tre a m . The in c r e a s e  
in tra n sp o r t  ca p a c ity  w as due to the sed im en t  entra inm ent ca u sed  by
the agitation  a ccom p a n y in g  b reak in g . The in c r e a s e  in f r i c t io n  fa c to r  
w as due to the e n e rg y  d iss ip a t io n  in w ave b reak in g . T h ese  e f fe c ts  
b e c a m e  m o r e  p ron ou n ced  as the break ing  b e ca m e  m o r e  freq u en t  and 
v io len t.
11. The fo l lo w in g  o b s e rv a t io n s  are  based  on the la b o r a to r y  
exp e r im e n ts  with the 0. 549 m m  sand and f lo w s  with depths betw een 
0. 123 ft and 0. 346 ft.
(a) T h r e e -d im e n s io n a l  w aves  w ere  the dom inant w ave f o r m .
(b) The e f fe c t iv e  rou gh n ess  of the s tre a m  g e n e ra l ly  d e c r e a s e d  
with in c r e a s in g  F rou d e  num ber.
(c) Wave break ing  had re la t iv e ly  little e f fe c t  on the tra n sp o r t  
ca p a c ity  o r  the e f fe c t iv e  rou gh n ess  of the s tre a m .
12. The fo l lo w in g  o b s e rv a t io n s  are  based  on the la b o r a to r y  
e x p e r im e n ts  w iih  the 0. 233 m m  sand w iih  f lo w s  in fhe depfh range betw een  
0. 145 f t and 0. 356 f t .
(a) T w o -d im e n s io n a l  w aves  w e r e  fhe dominant; w ave f o r m .
(b) B reak ing  w aves  cou ld  o c c u r  i f  fhe F ro u d e  num ber was 
g r e a ie r  than a p p ro x im a te ly  0. 9·
(c) The e f fe c t iv e  rou gh n ess  o f  the s fr e a m  g e n e ra l ly  in c r e a s e d  
w ifh  F rou d e  num ber.
(d) Wave break ing  ca u se d  re la t iv e ly  la r g e  in c r e a s e s  in fhe 
i r a n s p o r i  ca p a c ity  and e f fe c t iv e  rou gh n ess  o f  fhe s ir e a m .
(e) F o r  a g iven  depih and v e lo c ity ,  w aves  f o r m e d  m o r e  frequ en tly  
and brok e  m o r e  v io le n f ly  w ifh  the 0. 233 m m  sand ihan w ith ihe 0. 549 m m  
sand.
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A C K N O W LED G M EN TS
This p r o je c t  w as c a r r ie d  out under the g e n era l  s u p e rv is io n  of 
P r o f e s s o r s  V ito  A . Vanoni and N orm an  H. B r o o k s .  The w r ite r  w ould  
like to e x p r e s s  his a p p re c ia t io n  f o r  the gu idance , ge n e ro u s  a s s is ta n ce ,  
and va luable  c r i t i c i s m  w hich  they o f fe r e d  throughout the c o u r s e  o f  this 
in vestiga tion .
The w r it e r  is a ls o  indebted to the fo l lo w in g  p e r s o n s  f o r  their  
con tr ibu tion s  to  the p r o g r a m : M r .  D ouglas  C h ris tm an , M r .  David 
B u tter f ie ld ,  and M r . R o b e rt  C. Y. Koh f o r  the ir  a s s is ta n c e  in p e r fo r m in g  
the e x p e r im e n ts ,  red u c in g  the data, and p rep a rin g  f ig u r e s  f o r  this 
r e p o r t ;  M r .  E lton  F . D al y and M r .  R o b e r t  G reen w ay  f o r  m od ify in g  
the f lu m e s  and build ing the m a n o m e te r  b oa rd  and other  m is c e l la n e o u s  
apparatus; M r .  C a r l  E a stvedt  f o r  doing the photography; and M r s .  B a rb a ra  
Hawk and M r s .  Joann Dodd fo r  their  a s s is ta n c e  in p re p a r in g  this r e p o r t  
f o r  r e p ro d u ct io n .
In addition, the w r it e r  wants to thank M r .  H erb O sborn e ,  M r.
F r e d  Long, and M r .  R o b e rt  P ie s t  o f  the A g r icu ltu ra l  R e s e a r c h  S e r v ic e ,  
O xford , M iss iss ip p i ,  f o r  c o l le c t in g ,  a s se m b lin g  and tran sm itt in g  m uch  
of the f ie ld  data on antidunes w hich  is  p re se n te d  in table 5 -3 .
M ost  o f  the m a te r ia l  p re se n te d  in this r e p o r t  was subm itted  by 
the w r ite r  to C a li fo rn ia  Institute of T e ch n o lo g y  in 1960 in p art ia l  fu l f i l l -  
m ent o f  the re q u ire m e n ts  f o r  the Ph . D. d e g r e e  (31).
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A P P E N D IX  
S u m m ary  οί Notation
The !following s u m m a ry  o m its ,  f o r  s im p l ic i ty ,  de fin itions  o i  
le t te rs  o i  s e co n d a ry  im p o rta n ce  w hich  appear  only in a s ing le  sect ion .  
The s y m b o ls  used  in ch ap ter  4 to d e s c r ib e  the bed and w ater s u r ia ce  
con fig u ra t ion s  and the con d it ion s  under w hich  the runs w e re  c a r r ie d  out 
a re  de iined  in co n n ect ion  with table 4 -1  and are  not re p e a te d  h e re .
The page n u m bers  l is te d  r e f e r  t o  t he page on w h ich  each  sym bol 
f irst: a p p e a rs .
SymbcDl P a ge
a = am plitude o i  antidunes. 15
A = am plitude o i  s u r ia c e  w a v e s . 13
2A
C
= c r i t i c a l  height io r  b reak ing  of  su r ia c e  w a ves . 21
A = c r o s s  se ct io n a l  a rea  o f  the s tre a m . 57
A b
= part o i  c r o s s  se c t io n a l  a re a  a s s o c ia te d  with the bed. 59
A
W
part  o i  c r o s s  s e ct io n a l  a re a  a s s o c ia te d  with the w a lls . 59
b = width o i  re c ta n gu la r  channel. 50
b t r a n s v e r s e  wave length  o f  t h r e e -d im e n s io n a l  w aves . 24
B = bulk s p e c i i i c  w eight o i  sand in bed. 12
C = w ave c e le r i ty . 13
C sed im en t  d is c h a rg e  con cen tra t ion . 109
d = depth o i  i low . 12
D
g
= g e o m e tr ic  m ean  s ie v e  d ia m e te r . 63
f
f =
c o m p le x  potentia l = /  + i^ . TT
2D a r c y -W e is b a c h  i r i c t io n  ia c t o r  i o r  channel = 8 (-^r) ·
13
58
f i
i r i c t i o n  ia c t o r  d e te rm in e d  i r o m  p ip e - i r i c t i o n  d iagram  
using 4 r b as the c h a r a c t e r is t i c  length and D^ as the 
equivalent sand rou gh n ess . 109
fb i r i c t i o n  ia c t o r  io r  bed alone ca lcu la te d  H orn s id e -w a l l
U*b 2c o r r e c t i o n  p r o c e d u r e  = 8 (—— ) . 59
f
W
i r i c t i o n  ia c t o r  io r  w a lls . 59
F =
V
F ro u d e  num ber = V / √ g d 48
g = a c c e le r a t io n  due to grav ity . 13
G = total sed im en t  d is c h a rg e  p er  unit w idth. 23
G (x ) = lo c a l  sed im en t  t ra n sp o r t  rate  per  unit w id th. 12
H = d is tance f r o m  wate r  su r f ace  to v i r tual h or izon ta l  bottom . 13
k = w ave n um ber = 2Π/L. 13
L = w ave len g th. 13
m , n = c o n s tants in the a ssu m e d  and o b s e r v e d  transport r e la t ion s ,  
G(x) = m [V(x)] n and G = m V n. 22
P = wett ed p e r im e t e r  of  the s tre a m . 57
Pb = w etted  p e r im e t e r  o f  the bed se ct io n . 59
Pw
= wetted p e r im e t e r  o f  the w all s e c t io n . 59
P = potential e n e rg y  p e r  w ave len g th. 17
Pˉ = a v era g e  potential e n e rg y  p er  unit len gth. 17
q = d is ch a rg e  p er  unit width = Vd. 12
qˉ = vecto r ia l  v e lo c i ty  = grad  0 . 11
Q = total d is c h a rg e . 50
r = h ydrau lic  rad ius  = A /p . 57
r b
= bed h ydrau lic  rad ius  = A b / p b ● 59
rw
R
=
w all hydrau lic  rad ius  = A / p ●
R eynolds  n um ber = 4Vr/v●
59
59
S = s lop e  of e n e rg y  grad e  line . 48
s f
= s lop e  of f lum e. 48
t = tim e . 12
T = w ater  te m p e ra tu re . 109
T = kinetic  e n e rg y  per  wave len gth. 17
‾T = av era ge  k inetic  e n ergy  p er  unit le n g th. 18
u = h o r izo n ta l  p e r tu rb a tion  v e lo c i ty  at the le v e l  o f  the bed. 123
U* = shear  v e lo c i ty  f or  w hole channel = √ grS. 58
u *b
= shear  v e l o c i ty f or  bed  = √ g r bS. 60
V = m ean  v e l o c i ty. 11
V a
= v e l o c i ty o f  antidune m o v e m e n t . 22
X = h or izon ta l  c o o r d in a te . 11
y = v e r t i c a l  co o rd in a te . 11
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y = elevation  of  water  s u r fa ce  re la t ive  to c a r r i a g e  r a i l s . 46
yb
= e levat ion  o f  bed  re lat ive  to c a r r i a g e  r a i l s . 48
Z = c o m p l e x  num ber  = x + iy. 13
Y = unit weight o f  w ater  = pg . 57
η = f o r m  of bed p r o f i l e . 12
ν = kinem atic  v i s c o s i t y . 59
ξ = f o r m  of  w ater  s u r fa c e  p r o f i l e . 12
P = m a s s  dens ity  of  w ater . 17
σ
g
= g e o m e t r i c  s tandard dev iat ion  of  the s a n d - s i z e  
d istr ibut ion . 63
το
= shear  s t r e s s  on the boundary . 57
‾ το
= av era ge  shear  s t r e s s  on the ent ire  boundary . 57
0 = v e lo c i t y  potential . 11
‾0 = v e lo c i t y  potential  o f  per tu rbat ion  v e l o c i t i e s . 11
ψ = s t r e a m  function. 13
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